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The Western Ghats is l600Km long, unbroken chain of mountains along the west
coast of Peninsular India. Geographically the Western Ghats (steps of a staircase)
extends from the mouth of the River Tapti (in Gujarat; about SON) to the tip of
south India (Kanyakumari, Tamil Nadu; about 2l0N). It has been rightly
recognized as one of the 34 globally identiﬁed ‘hot spot‘ areas of mega bio­
diversity for conservation and one of the three such areas in the country. With
respect to freshwater ﬁsh species, the streams and rivers originating from the
Western Ghats have been identiﬁed as one of the few sites in the world exhibiting
high degree of endemism and exceptional bio-diversity (Myers er al., 2000).
There are around 326 species of primary and secondary freshwater ﬁshes in the
Westem Ghats of which nearly 69% (228 species) are endemic to the region
(Gopalakrishnan & Ponniah, 2000).
The family Cyprinidae is the largest of freshwater ﬁshes and, with the possible
exception of Gobiidae, the largest family of vertebrates (Nelson, 1994). The
colmnon name for the family most frequently used in North America is minnow,
while in Eurasia it is carp. Various members of this family are important as food
ﬁsh, as aquarium ﬁsh, and in biological research (Nelson, 1994). In this study, a
ﬁsh species from this family exclusively found in the west ﬂowing rivers
originating from the Western Ghat region — Gonoproktopterus curmuca — was
taken for population genetic analysis.
In spite of rich piscine diversity in the Western Ghats region, practically no
attention has been paid for the stock assessment, sustainable utilization and
conservation of these species. Several endemic food and ornamental ﬁshes of the
region have been enlisted as endangered, either due to over exploitation,
gratuitous destruction of spawners, dynamiting or construction of dams (Anon,
1998). Attempts to promote aquaculture practices in the area using transplanted
Indian major carps and other exotic species have led to further deterioration of the
situation. These waters are also considered as the gold mine for nearly ll0
endemic omamental ﬁshes like loaches, bagrid catﬁshes and cyprinids. But, recent
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surveys reported their alarming rate of depletion due to over-exploitation and
clandestine export (Ponniah and Gopalakrishnan, 2000). It is noteworthy that
steps have been initiated to conserve the endemic food and ornamental teleosts of
the region through propagation assisted rehabilitation programme by the National
Bureau of Fish Genetic Resources (NBFGR), Lucknow (Annamercy er al., 2007).
G. curmuca is one of the prioritized species for the rehabilitation programme.
1.1 Scope of the study
The water bodies in the form of oceans, rivers, lakes etc., have been exploited by
man since time immemorial for the augmentation of food production. The heavy
and sometimes ruthless exploitation has even caused extinction of many of the
aquatic ﬂora and fauna. There was an urgent need for restoration ecology by the
development of apt management strategies to exploit resources judiciously. One
of the strategies thus developed for the scientiﬁc management of these resources
was to identify the natural units of the ﬁshery resources under exploitation
(Altukov, 1981). These natural units of a species can otherwise be called as
‘stocks’. A stock (Shaklee er al., 1990b) can be deﬁned as “a panmictic
population of related individuals within a single species that is genetically distinct
from other such populations”.
The study of genetic variation in ﬁshes has proven valuable in aquaculture and
ﬁsheries management, for identiﬁcation of stocks, in selective breeding
programmes, restoration ecology and for estimating contributions to stock
mixtures. Moreover, an efﬁcient use of biological resources requires a thorough
knowledge of the amount and distribution of genetic variability within the
species considered. Generally, individuals with greater genetic variability have
higher growth rates, developmental stability, viability, fecundity, and resistance
to environmental stress and diseases (Carvalho, 1993). It is believed that a
species may undergo microevolutionary process and differentiate into
genetically distinct sub-populations or stocks in course of time, if reproductively
and geographically isolated. In recent times, there has been a widespread
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degradation of natural aquatic environment due to anthropogenic activities and
this has resulted in the decline and even extinction of some ﬁsh species. In such
situations, evaluation of the genetic diversity of ﬁsh resources assumes
importance. A proper knowledge of the genetic make-up and variability of the
ﬁsh stocks will help us in the management, conservation of endangered species
and improvement of stocks of cultivable species. If the population genetic
structure of a species is known, the distribution of subpopulation in mixed
ﬁsheries can also be estimated easily. The dearth of knowledge about the genetic
structure of the populations may result in the differential harvest of the
populations that will ultimately have a drastic and long-term effect. To
overcome this, there is always a need for investigation encompassing the genetic
variations at the intra and inter-population levels as well as at the intra and inter­
speciﬁc levels of the ﬁsh and shellﬁsh resources of any nation (Allendorf and
Utter, 1979).
For the accomplishment of above objectives, scientists all over the world
developed different methodologies to distinguish and characterize the ﬁsh
stocks and evaluate the genetic variation. One of the traditional methods of
distinguishing ﬁsh stocks has been the comparative examination of
morphological characters (Hubbs and Lagler, 1947). But the conventional
morphometric measurements have been graded as inefficient and biased, as
they often produced uneven areal coverage of the body form. Most of the
landmarks were repetitive and unidirectional lacking information of depth and
breadth of the body forms (Strauss and Bookstein, 1982; Sathianandan, 1999).
This had led to the development of a new method called as truss network
analysis, where the shape of the body forms of ﬁsh or shellﬁsh also was taken
into account along with the size (Humphries et al., 1981; Winans, 1984).
However, the application of truss network analysis for the identiﬁcation of
stock is as complicated as the morphometric measurement. The reason for this
is the role of non-genetic factors in determining the variability of
morphological characters.
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In the mid ﬁfties, protein electrophoresis (Smithies, 1955) and histochemical
staining method (Hunter and Markert, 1957) gained advantage over
morphological studies by providing rapidly collected genetic data. This method is
capable of unveiling the invisible differences at the molecular level as visible
biochemical phenotypes through allozyme electrophoresis. Allozymes are the
direct gene products, coded by a single locus, and often appear in different
molecular forms. Any detectable change at the allozyme level reﬂects the genetic
change in the nucleotide sequence of DNA. This genetic change is heritable in
Mendelian fashion and the pattern of allozyme gene expression is co-dominant
type (Ayala, 1975). The results of a limited number of studies using allozyme
electrophoresis demonstrated that 15-30% of structural gene loci were detectably
variable within populations, and that even closely related species showed
extensive genetic divergence (Hubby and L-ewontin, 1966; Harris, 1966). These
characteristics make allozymes superior markers over morphological
characteristics. Stock identification of several species has been carried out using
the above mentioned techniques (Ferguson, 1980; Shaklee er al. 1990; Ferguson
er al., 1995; O’Connell and Wright, 1997; Rossi et al., 1998). Allozymes were
also found to be helpful in generating species-speciﬁc proﬁles and resolving
taxonomic ambiguities in several species (Rognon et al., 1998; Gopalakrishnan ea‘
al., 1997; Menezes, 1993; Low et al., 1992; Menezes et al., 1992; Menezes and
Taniguchi, 1988; Pouyaud et al. , 2000).
The amino acid substitutions of protein detected by electrophoresis are indirect
reﬂections of the actual base substitutions in base sequences. Furthermore, all
base substitutions do not necessarily result in change of amino acids and all amino
acid substitutions do not result in protein change that are electrophoretically
detectable. It has been estimated that only about one third of the amino acid
substitutions are detected under the conditions used to collect electrophoretic data
in most laboratories (Lewontin, 1974). lt is apparent from the above facts that the
electrophoretic identity of proteins does not necessarily mean identity of base
sequences in DNA. The vast majority of DNA within the nucleus does not code
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for protein products and therefore, probably do not affect the ﬁtness of an
individual ﬁsh. Thus, these non-coding DNA sequences are under relaxed
selective constraints and may be free to evolve much more rapidly than the coding
sequences.
With the advent of thermocyclers the ampliﬁcation of small fragment of DNA
through Polymerase Chain Reaction (PCR) gained popularity. This enabled the
users to screen the polymorphism in the DNA of the individuals without
sacriﬁcing them. One such technique (Williams er al., 1990 and Welsh and
McClelland, 1990) was Random Ampliﬁed Polymorphic DNA (RAPD) based on
PCR using short single primers of arbitrary nucleotide sequence typically of
length of ten (deca(pri)mers) nucleotides that ampliﬁed random segments of the
genome. The ampliﬁed fragments are also inherited in Mendelian fashion, like
allozyme markers (Williams er al., 1993; Bardakci and Skibinski, 1994;
Appleyard and Mather, 2000). RAPD ﬁngerprinting has been used recently in
many studies for the analysis of phylogenetic and genetic relationship among
organisms (Stiles et al., 1993; Bardakci and Skibinski, 1994; Orozco-castillo er
aI., 1994; Van Rossum er a1., 1995). Ampliﬁed fragment length polymorphism
(AFLP) is another advanced technique suitable for ﬁnger-printing simple and
complex genomes from different species (Vos er al., 1995; Felip er al., 2000). In
AFLP, genomic DNA is digested by restriction endonucleases and ampliﬁed by
PCR using primers that contain common sequences of the adapters and one to
three arbitrary nucleotides as selective sequences (Lin and Kuo er al., 1995).
Variable Number of Tandem Repeats (VNTRs) include minisatellites and
microsatellites. Minisatellites are DNA sequences usually 10-200 bp long that are
repeated in tandem at variable number of times. Microsatellites are the tandemly
repeated DNA sequences with repeat size of 1-6 bp repeated several times ﬂanked
by regions of non-repetitive DNA (Tautz, 1989). These are highly polymorphic in
nature and be analyzed with the help of Polymerase Chain Reaction (PCR). They
are another type of powerful DNA marker used for quantifying genetic variations
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within and between populations of species (O’Connell er al., 1997) and also at
individual level especially in forensics and paternity disputes.
The mitochondrial DNA (mtDNA) is another type molecular marker, which
revealed high levels of sequence diversity at the species and lower levels, despite
great conservation of gene function and arrangement (Avise and Lansman, 1983;
Brown, 1985). Mitochondrial DNA is smaller, double-stranded and is typically
made up of only 16000-20000 nucleotides (Brown, 1983). Initial surveys to detect
informative polymorphisms may involve the use of a large number (10-30) of
restriction enzymes, but once diagnostic polymorphisms have been identiﬁed,
only those informative enzymes need be used in subsequent screening. As it is
matemally inherited, the analysis of maternal lineage can be done with ease. The
use of mtDNA proteins and more recently PCR amplifications of selected regions
followed by sequencing the PCR products have made the examination of mtDNA
variations considerably easier and faster. The slow-evolving regions of mtDNA
such as l6SrRNA are used to discriminate species and higher levels of taxa while
fast evolving zones such as control region (D-loop) and ATPase genes are used in
population genetic analysis. Universal vertebrate primers can be used to amplify
various mtDNA regions and with the advent of recent mtDNA sequences for
several ﬁsh species being available, more ﬁsh specific primers can be designed.
In brief, the techniques available to screen the variability at different levels of the
species organization are many ranging from simple morphometric to molecular
genetic methods that can reveal polymorphism at the DNA level. The species that
is selected in the present investigation for applying three molecular genetic
markers (allozymes, RAPD and microsatellites) is the red-tailed barb,
Gonoproktopterus curmuca from three rivers (viz., Periyar River, Chalakkudy
River, and Chaliyar River) originating from the Western Ghats. The major reasons
for selecting this particular species are given below.
Gonoproktopterus curmuca (Figure 01 & 02) belongs to Family Cyprinidae and is
endemic to the rivers originating from southern part of the biodiversity hotspot ­
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the Western Ghats. The species enjoys a good market value as a food ﬁsh and
fetches Rs.70-I00/Kg in Kerala. Owing to its fast growth rate (maximum size
70cm total length), it is one of the potential candidate species for aquaculture
practices in the region. Its attractive colour makes it an ideal species for aquarium
keeping in India and abroad (fetches US $ 10 per live ﬁsh in international market).
Till date, stock assessment of the species has not been made in different rivers;
hence there is no information about the current exploitable potential of red-tailed
barb. However, there has been a massive hunt for the species from wild for
aquarium trade since last few years and its drastic decline was recorded in 1997
itself in ﬁeld surveys. The workshop on Conservation Assessment Management
Plan (CAMP) to evaluate the status of freshwater species of India, held in 1997
categorized this species as "endangered" based on latest IUCN criteria due to
restricted distribution, loss of habitat, over exploitation, destructive ﬁshing
practices and trade (Anon., 1998). The species was ﬁnally short-listed as one of
the candidates for stock-speciﬁc, propagation assisted rehabilitation and
management programme in rivers where it is naturally distributed. In connection
with this, captive breeding and milt cryopreservation techniques of the species
have been developed by the National Bureau of Fish Genetic Resources
(NBFGR), Lucknow. However, for a scientiﬁc stock-speciﬁc rehabilitation
programme, information on the stock structure and basic genetic proﬁle of the
species are essential and that is not available in case of G. curmuca. In view of
the above facts and reasons, the present work was taken up (1) to identify
molecular genetic markers like allozymes, microsatellites and RAPDs in G.
curmuca and, (2) to use these markers to discriminate the distinct populations of
the species, if any, in areas of its natural distribution.
1.2 Objective of the study
Population genetic analysis of natural populations of
Gonoproktopterus curmuca from its distributional range using
allozymes, microsatellites and RAPDs.
8
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1.3 Technical programme of the study
a. Identiﬁcation of allozyme and RAPD markers to be used for stock
discrimination of Gonoproktoplerus curmuca.
b. Identiﬁcation of microsatellite marker by cross-species ampliﬁcation of
primer sequences of other closely related fish species (derived from
available accessions in GenBank or from available literature) for using
them as potential genetic markers in G. curmuca.
c. The population structure analysis of G. curmuca using allozymes,
microsatellites and RAPDs.
1.4 Description of the species
1.4.1 Taxonomic status
G. curmuca (Figure 01 & 02) is a freshwater barb described by Hamilton­
Buchanan in 1807. The species has following synonyms: Barbus curmuca,
Hypselobarbus curmuca, Puntius curmuca. The current taxonomic position of G.
curmuca according to Talwar and Jhingran (1991) and Jayaram (1999) is given
below.
Phylum
Subphylum
Superclass
Series
Class
Subclass
Superorder
Order
Family
Genus
Species
Vertebrata
Craniata
Gnathostomata
Pisces
Teleostei
Actinopterygii
Acanthopterygii
Cypriniformes
Cyprinidae
Gonoproktopterus
curmuca
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1.4.2 Confusion over the scientiﬁc name of the species
Hamilton-Buchanan (1807) described Barbus curmuca from Vedawati River of
the Tungabhadra drainage in Mysore, with two barbels, 39 scale rows along the
lateral line and a weak and articulated last undivided dorsal ray. Sykes (1840)
described B. kolus also with the same characteristics from Deccan. Specimens
from South Canara with four barbels and the caudal tipped with black, Day (1878)
considered as a local variety of B. curmuca. But subsequent workers like Hora
and Law (1941), Silas (1951) Talwar & Jhingran (1991), Jayaram (1997, 1999)
treated the species with four barbels and weak last undivided dorsal ray and 41 ­
43 lateral line scales as Puntius curmuca (later renamed as Gonoproktopterus
curmuca) and the other species with 2 barbels and 39 scale rows along the lateral
line and slate-colouration as G. kolus. This classiﬁcation was widely followed in
the standard taxonomic books (Jayaram, 1999; Talwar & Jhingran, 1991; Shaji er
al., 2000). Menon & Rema Devi (1995) later renamed the red-tailed barb from
Kerala and South Canara as Hypselobarbus kurali which was earlier referred to as
G. curmuca.
To avoid confusion, in the present study the species name of red-tailed barb (4
barbels, 41-43 scales in the lateral line and caudal tipped black) is retained as
Gonoproktopterus curmuca (Hamilton — Buchanan, 1807) following the standard
ﬁsh taxonomy books (J ayaram, 1999; Talwar & Jhingran, 1991; Shaji er al., 2000)
and the species is having following diagnostic characters.
1.4.3 Distinguishing Characters
Div9;Aiii5;Pi l5;Vi8.
Body fairly deep, the dorsal proﬁle convex and the ventral proﬁle nearly
horizontal, its depth about four times in standard length. Snout conical; a band of
pores on cheeks. Eyes moderate, its diameter about 4.3 times in head. Mouth sub­
terminal; barbels two maxillary pairs, lower ones as long as orbit, upper ones half
as long. Dorsal ﬁne inserted anterior to origin of pelvic ﬁns, its last un-branched
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ray osseous but weak. Scales medium; lateral line with 41 to 43 scales; lateral
transverse 3 ‘/2 to 4 ‘/2; pre-dorsal scales 9.
1.4.4 Colour
In life, silvery, lightest on ﬂanks and belly. Caudal ﬁn with blackish tip; in young
middle-third of caudal ﬁn orange, tipped with black.
1.4.5 Common names
The species is commonly known as “red-tailed barb” in English and locally called
as "Kooral" or "Chundan" in Malayalam.
1.4.6 Habitat and distribution
Gonoproktopterus curmuca is conﬁned to selected west ﬂowing rivers originating
from the Western Ghats in the states of Kerala and Karnataka (South Canara). The
species once found in abundance has recorded a sharp decline in the catches due
to over-exploitation for ornamental ﬁsh trade and for human consumption and is
now restricted to a few rivers viz., Nethravathi River, Chaliyar River,
Bharathapuzha River, Chalakkudy River, Periyar River, Kallada River,
Achankovil River. It is usually recorded from the upper middle stretches of these
rivers.
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Fig. 1 Gonoprokloplerus curmuca (Adult)
Fig. 2 Gonoprokloplerus curmuca (Juvenile)
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Population genetics is the study of genetic variation within species and it
attempts to understand the processes that result in adaptive evolutionary changes
in species through time using the application of Mendel’s laws and other genetic
principles to entire populations of organisms (Hartl and Clark, 1997). Population
genetics deals with phenotypic diversity with respect to height, weight, body
conﬁrmation, hair colour and texture, skin colour, eye colour among human
beings and especially with that portion of the diversity that is caused by
differences in genotype. In particular, the ﬁeld of population genetics has set for
itself the tasks of determining how much genetic variation exists in the natural
populations and of explaining its origin, maintenance and evolutionary
importance. Population sub-structure is almost universal among organisms. Many
organisms naturally form sub-populations as stocks, herds, ﬂocks, schools,
colonies or other types of aggregations. Where there is population sub-division,
there is almost inevitably some genetic differentiation that may result from natural
selection, favoring different genotypes in different sub-populations (Hartl and
Clark, 1997).
The micro and macro evolutionary processes both at molecular and organismal levels
are incessantly undergoing in all organisms. Actually, the process of evolution starts
at the molecular level, more precisely from a single base of the DNA molecule and
ends up in variations at the organismal level. Genes are the factors, which determine
the phenotypic characters of any organism. Thus, the variations that happen to the
genes in tum produce individuals, which are different either at the molecular level or
at the organismal level. These individuals may fonn separate groups within the
species itself and such groups are the ftmdamental genetic units of evolution. These
intra-speciﬁc groups were called as ‘stocks’ and ﬁshery biologists started using these
stocks as a basis to manage commercially important marine organisms. Shaklee er al.
(l990b) deﬁned a stock as "a panmictic population of related individuals within a
single species that is genetically distinct from other such populations". Therefore, in
any management regime, identiﬁcation of stock becomes a critical element (Ihssen er
01., 1981a; Fetterolf, 1981).l3
The genetic variation in population became a subject of scientiﬁc enquiry in the
late nineteenth century prior even to the rediscovery of Mendel’s paper in 1900.
Genetic variation, in the form of multiple alleles of many genes, exists in most
natural populations. In most sexually reproducing populations, no two organisms
(barring identical twins or other multiple identical births) can be expected to have
the same genotype for all genes (Hartl and Clark, 1997). For the identiﬁcation of
stock structure and genetic variation in populations, lhssen er al. (1981b)
suggested that the population parameters and physiological, behavioral,
morphometric, meristic, calcareous, cytogenetic and biochemical characters are
useful.
Of these, the morphometric investigations are based on a set of measurements of
the body form (Hubbs and Lagler, 1947). The study on the life history,
morphology and electrophoretic characteristics of ﬁve allopatric stocks of lake
white ﬁsh showed that morphometry can be used to distinguish the individuals of
different stocks (Ihssen er al., l981b), though the branching pattems for the
morphometrics versus the biochemical variation were different. For the selection
of the brood stock in genetic improvement programmes of certain penaeids, one or
two morphometric variables could be identiﬁed, giving accurate estimate of the
tail weight (Lester, 1983; Goswami et al., 1986). A study on the Paciﬁc white
shrimp, Penaeus vannamei from different commercial hatcheries could ﬁnd
signiﬁcant differences in all the morphometric traits between sites, indicating that
the environmental differences affected growth as well as shape of the shrimps
(Chow and Sandifer, 1992). But, in a study on the use of canonical discriminant
ﬁmction analysis (DFA) of morphometric and meristic characters to identify
cultured tilapias, the results did not support the use of morphometric characters for
differentiating the tilapia strains and introgressed hybrids (Pante et al., 1988).
These conventional data sets are biased and they have got several weaknesses too.
(i) They tend.to be in one direction only (longitudinal) lacking information of
depth and breadth, (ii) they often produce uneven and biased areal coverage of the
body form, (iii) repetition of landmarks often occur, (iv) many measurements
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extends over much of the body and (v) the amount of distortion due to
preservation cannot be easily estimated in case of soft bodied organisms
(Sathianandan, 1999). To overcome these problems, a new method called the
“truss network” was developed in which an even areal coverage over the entire
Tﬁsh form was possible (Humphries er al., 1981). This method can discriminate
-stocks of ﬁshes and prawns on the basis of size free shape derived from distance
measures. Here, the forms may be standardized to one or more common reference
sizes by representing measured distances on some composite measure of body size
and reconstructing the form using the distance values predicted at some standard
body size. The composite mapped forms are suitable for biorthogonal analysis of
shape differences between forms (Sathianandan, 1999). Truss network analysis on
chinook salmon demonstrated shape differences among the three naturally
occurring populations (Winans, 1984). This method was introduced among
prawns to study the shape differences among them (Lester and Pante, 1992) and a
machine vision system was developed for the selection of brood stock by using
the truss network (Perkins and Lester, 1990). A comparison of the conventional
morphometrics and truss network analysis done on the blunt snout bream, ﬁnally
described the truss network analysis as the better tool than the former for probing
evolutionary processes or elucidating relationships among populations (Li er al.,
1993).
But the application of the above said techniques in stock identiﬁcation, however,
is complicated by the fact that phenotypic variation in these characters are often
inﬂuenced by environmental factors and has not been directly related to
particular differences in the genome always (Clayton, 1981). Therefore, new
techniques using genetic markers came to practice to detect the stock structure
and genetic variation among organisms.
2.1 Type 1 Molecular markers
The need to detect genetic variation has fueled the development of novel genetic
marker systems in ﬁshery biology. The detection of genetic variation among
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individuals is a requirement in all application of genetic markers. A genetically
inherited variant in which the genotype can be inferred from the phenotype during
genetic screening is known as genetic markers. The most common use of genetic
markers in ﬁshery biology is to determine if samples from culture facilities or
natural populations are genetically differentiated from each other. They are also
used to identify different species in the event of taxonomic disputes and also to
detect genetic introgression in a species. The detection of genetic differentiation
would imply that the source groups comprise different stocks (Carvalho and
Hauser, 1994) and should be treated as separate management units (MUs) or
stocks (Moritz, 1994). The relevance of genetic information to species
conservation planning has long been recognized (e.g. Lande & Barrowclough,
1987; Simberloff, 1988), and population genetic information has assumed an
important role in conservation biology. Estimates of genetic variation within and
between populations can provide important information on the level of interaction
between local populations and permit assessment of the contribution of a
metapopulation structure to regional persistence (reviewed in Hanski, 1999).
Genetic markers are also an important tool for identifying population units that
merit separate management and high priority for conservation. The deﬁnition of
independent units for conservation of most widespread use in the last few years is
the one of Moritz (1994), although recently it has become a point of debate
(Paetkau, 1999; Crandall er al., 2000; Goldstein er al., 2000). Moritz distinguished
two types of conservation units, namely management units (MUs), representing
populations that are demographically independent, and evolutionary significant
units (ESUs), which represent historically isolated sets of populations that are on
independent evolutionary trajectories. ESUs are recognized by reciprocal
monophyly for mitochondrial DNA (mtDNA) alleles, whereas MUs are
recognized by signiﬁcant divergence in allele frequencies. A common objective
of molecular genetic analyses is to find diagnostic differences among presumed
stocks in either nuclear allelic types or mtDNA haplotypes. Most often, however,
stocks differ in frequencies of the same alleles or haplotypes (Danzmann and
Ihssen, 1995). Polymorphic DNA markers can provide ﬁsheries researchers with
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new insights into the behavior ecology and genetic structure of ﬁsh populations,
levels of inbreeding, disassortive mating, success of alternative reproductive
strategies and life histories and the intensity of natural and sexual selection
(Ferguson and Danzmann, 1998).
The various marker types available for ﬁsheries and conservation applications (Park
and Moran, 1994) represent a bewildering array of choices for the uninitiated. The
development of new markers has been most necessary for species with little
detectable variation among individuals using the old markers. However, relative
novelty and not the attributes of the markers themselves have often dictated marker
choice (Utter er al., 1991). There is no single marker type that is appropriate for all
applications and a genetic marker system should be based on the characteristics of a
particular species (interacting with the attributes of the marker type) rather than how
recently they have been developed (Ferguson and Danzmann, 1998). In fact, a
combination of mitochondrial and nuclear markers is the most powerful approach
(Ward and Grewe, 1994). Attributes of the species (genetic effective population size
(Ne)-contemporary and historical), amount of gene flow (Nm: migration) in
combination with those of the marker loci themselves could be used to choose an
appropriate marker system. Other important factors influencing marker choice are
cost and sampling requirements (Ferguson et al., 1995).
In general, genetic markers basically are of 2 types —- protein (type I) and DNA (type
ll). In 1960’s initial studies used proteins such as haemoglobin and transferrin.
However, very soon the attention was turned to enzymatic protein (allozyme)
variation on which most subsequent studies have been based (Ferguson et al., 1995).
New techniques, based on molecular characters to identify the stocks, were also
developed in early nineties using arbitrary/conserved primers (Williams et al., 1990,
Welsh and McClelland, 1990; Penner er al., 1993; Jeffreys et al., 1985; Tautz, 1989).
Molecular markers can again be classiﬁed into two categories: type I are markers
associated with genes of known function, while type II markers are associated
with anonymous genomic segments. Under this classiﬁcation, more RFLP
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markers are type I markers because they were identiﬁed during analysis of known
genes. Like wise, allozyme markers are type l markers, being the protein they
encode has known function. RAPD markers and majority of the microsatellite
markers are type II markers as these markers are ampliﬁed from anonymous
genomic regions via the polymerase chain reaction (PCR).
2.1.1 Allozyme markers
Electrophoretic studies in ﬁsh populations at the protein level commenced around
50 years back with the development of starch gel electrophoresis (Smithies, 1955).
The studies on the biochemical genetics of ﬁsh/shellﬁsh populations evolved from
early descriptions of simple polymorphism at one or a few general protein/enzyme
loci as reported in the haemoglobin polymorphisms in ﬁshes (Sick, 1965). The
application of these techniques in ﬁsheries science also revealed a wide range of
genetic variability in all the species of ﬁshes and shellﬁshes (Ligny, 1969). From
1964, electrophoretic examination of protein variants became the method of
choice for studying genetic variations in natural and cultured ﬁsh populations
(Utter, 1991). The proﬁciency of the electrophoretic techniques was enhanced by
the application of histochemical staining methods of Hunter and Markert (1957).
These methods could uncover a wealth of genetic variation at the molecular level,
which were reﬂected either as multilocus isozymes or as allelic isozymes. The
isozyme is considered as advantageous over the morphological and classical
variables as (i) the biochemical phenotype is essentially unaffected by the
environment, (ii) the biochemical phenotype of each individual is stable through
time and (iii) the observed genetic variation is usually caused by a single gene
whose alleles are co-dominantly expressed and inherited in the Mendelian fashion
(Ayala, 1975). A comprehensive review by Ligny (1969, 1972) shows that the use
of isozyme or allozyme study has become useful for the analysis of the population
genetic structure of many ﬁshes.
An enzyme coded by a single locus often appears in different molecular forms and
these multiple molecular forms of enzymes are called “allozymes" (Markeit and
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Mollier, 1959). Allozymes are functionally similar, several different forms of
enzyme catalyzing the same reaction within a single species. These could differ
from one another in terms of amino acid sequences, some covalent modiﬁcations,
or possibly in terms of three-dimensional structure (conformational changes) etc.
Allozymes are formed generally due to genetic causes. Sometime non-genetic
causes like post-transnational modiﬁcation and conformational changes also lead
to the change in pattern of isozymes (Padhi and Mandal, 2000). Several
investigations in the last 25 years have made the use of allozyme analysis to
measure parameters such as genetic variability in natural populations, gene ﬂow
among populations, process of natural hybridization, species dispersion and
phylogenic analysis in animals, plants and microorganisms (Ferguson et al.,
1995). Allozyme electrophoresis can give independent estimate level of variation
between different populations without an extensive sun/ey of morphological and
other quantitative traits (Menezes er al., 1993). Reports on the efficiency of
biochemical genetic techniques in revealing the intraspecies allozyme
polymorphism and existence of heterogeneous or homogeneous stocks in various
species including teleosts are also many (Richardson er a1., 1986).
Studies have been successfully carried out to assess levels of genetic
differentiation and gene ﬂow at intra-speciﬁc level in several important ﬁsh
species using allozyme/isozyme electrophoresis (Richardson, 1982; Menezes et
01., 1992; Begg et al., 1998; Appleyard and Mather, 2000; McGlashan and
Hughes, 2000; Cook er al., 2002; Salini er al., 2004) and the taxonomic uses of
enzyme electrophoresis are also well known (Avise, 1974; Ferguson, 1980). Many
workers have already demonstrated the use of allozymes and other proteins as
genetic markers for the identiﬁcation of ﬁsh stocks or species (Simonarsen and
Watts, 1969; Fujio and Kato, 1979; Mulley and Latter, 1980; Grand and Utter,
1984) and in ﬁsh breeding (Moav er al., 1978). Signiﬁcant differences in the
allelic frequencies among populations of a species clearly indicated that these
were not interbreeding but isolated populations (Ayala and Keiger, 1980; 1984).
The signiﬁcance of similar worldwide reports of genetic diversity in ﬁshes and
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shellﬁshes was well evaluated in the international symposia held in 1971 (Ligny,
1971). Later, the special signiﬁcance of the genetic stock concept at various
levels of ﬁsheries management and various techniques for detection of genetic
stocks were re-evaluated in the international symposia held in 1981, the
proceedings of which were published as a special issue [Canadian Journal of
Fisheries and Aquatic Sciences, Volume 38 (12), 1981]. Using allozyme genetic
tags, six genetically heterogeneous stocks were detected in the ﬂounder
populations of Newfoundland region (Fairbairn, 1981). Ridgway er al. (1970)
reported the esterase polymorphism in the Atlantic herring and Shaklee and Salini
(1985) in barramundi, Lates calcarzﬁer. These studies are relevant not only to
evolutionary biology but also to the management of these stocks, providing
necessary infomation to adjust regulations according to the stock structure.
Many authors studied the extent of genetic differentiation and population structure
using allozyme markers in many ﬁsh species. A homogeneous stock structure was
reported in European hake, Merluccius merluccius (Mangaly and Jamieson,
1978). Coelho er al. (1995) studied the genetic structure and differentiation among
populations of two cyprinids Leuciscus pyrenaicus and L. carolirerti. Some
investigators made a comparative study of different populations of chum salmon:
Wilmot et al. (1994) compared Western Alaskan and Russian Far East stocks;
Winans er al. (1994) studied in Asian stocks; Phelps er al.(1994) in Paciﬁc North
West populations; Kondzela er al. (1994) compared the stocks of South East
Alaska and Northern British Columbia. Allozymes markers were employed in
other salmons also by different groups: In sockeye salmon (Wood et al., 1994, in
Canada; Vamavskaya er al., 1994a, in Asia and North America; 1994b in Alaska,
British Colombian and Kamchatka lake in Russia; in Atlantic salmon (Cross and
Challanin, 1991; Skaala er al., 1998); in odd year pink salmon, Oncorhynchus
gorbuscha (Shaklee and Vamavskaya, 1994); and in Chinook salmon,
Oncorhynchus tshawyrscha (Verspoor er 01., 1991; Youngson et al., 1991;
Adams, 1994). Using allozyme markers, distinct genetic stocks of cultured tilapia
in Fiji were identiﬁed by Appleyard and Mather (2000). Similarly, signiﬁcant
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genetic differentiation was detected in North Australian mackerel (Begg er al.,
1998); in Barbus callensis (Berrebi er al., 1995); in African and Iberian
populations of Cobitis (Perdices, 1995) and in North Atlantic tusk, Brosme
brosme (Johansen and Naevdal, l995). Recently, Peres er al. (2002) reported the
genetic variability in Hoplias malabaricus in ﬂuvial and lacustrine environments
in the upper Paranas ﬂood plain. Musyl and Keenan (1992) found small genetic
differences in the Australian catﬁsh, Tandanus tandanus between a Brisbane
River (east ﬂowing) and a Condamine River site (west ﬂowing). They also found
lower than expected levels of genetic divergence among some eastem and western
Australian populations of the perch, Macquaria ambigua. McGlashan and Hughes
(2000) reported signiﬁcant levels of genetic subdivision among l6 populations of
the Australian freshwater ﬁsh, Craterocephalus stercusmuscarum using 7
polymorphic allozyme loci and sequence information of ATPase gene of
mictochondrial DNA. McGlashan and Hughes (2002) also showed that
populations of subspecies Craterocephalus stercusmuscarumfulvus separated by
a mountain range in Australia were genetically more similar than the populations
of Craterocephalus srercusmuscarum fulvus and Craterocephalus
stercusmuscarum stercusmuscarum which inhabit a contiguous coastal margin.
The same authors in 2002 reported extensive genetic subdivisions across the range
of the Australian freshwater ﬁsh, Pseudomugil signiﬁer using 6 polymorphic
allozyme loci. Cook et al. (2002) reported large and signiﬁcant genetic variation
in Macrobrachium ausrraliense among the 4 major catchments in Western
Queensland, Australia, using 6 polymorphic allozymes. Genetic variation
throughout the geographic range of the tropical shad, hilsa Tenualosa ilisha was
analysed using allozyme marker by Salini er al. (2004). Haniffa et al. (2007) used
allozymes to investigate the genetic variability of three Channa punctatus
populations collected from three south Indian rivers. Gopalakrishnan er al. (2006)
identiﬁed fourteen polymorphic allozyme loci in yellow catﬁsh, Horabagrus
brachysoma. The genetic variation detected at each allozyme locus was assessed
for samples collected from three west ﬂowing rivers of the Western Ghats. The
identiﬁed loci, which are potential to analyze stock structure of natural
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populations of H. brachysoma. Engelbrecht and Mulder (1999) examined
populations of Mesobola brevicmalis (the river sardine occurs in Southern Africa)
for genetic variation using horizontal starch gel electrophoresis. Gene products of
27 protein coding loci were consistently resolved and revealed polymorphism at
ﬁve loci.
Survey of relevant literature reveals that work on biochemical genetics of
Indian ﬁshes is scanty in comparison to the work done in the rest of the world.
Chandrasekhar (I959) has studied the proﬁle of blood proteins of ﬁve Indian
carps. Krishnaja and Rege (I977, 1979) made electrophoretic studies on the
genetics of two species of Indian carp and their fertile hybrids. Sarangi and
Mandal (1996) reported isozyme polymorphism in diploid and tetraploid
Indian major carps, Labeo rohita. Goapalakrishnan er al. (1997) identiﬁed
species-speciﬁc esterase markers in rohu and mrigal, while Singh er al. (2004)
identiﬁed allozyme markers helpful in population genetic analysis of Cirrhinus
mrigala. The examples of other important biochemical genetic studies at
intraspeciﬁc level in India are that of mullet, Mugil cephalus (Vijayakumar,
I992; Menezes er al., 1990); oil sardine, Sardinella longiceps
(Venkitakrishnan, 1992; Menezes, 1994a, b); mackerel (Menezes et al., 1990);
Pomfret (Menezes, 1993) hilsa from Ganges (above and below Farakka
barrage) and Brahmaputhra Rivers (Lal et al., 2004a) and Lactarius lactarius
(Gopalakrishnan er al., 2004b). The above-mentioned investigations identiﬁed
distinct genetic stocks of M. cephalus and L. lactarius from Indian waters
while low genetic divergence was reported in sardines, mackerel, hilsa and
pomfrets. The above examples reveal that the biochemical genetic techniques
are efﬁcient in differentiating the genetic variation in natural stock of
ﬁsh/shellﬁsh species. The phenomenon of the very low-level genetic variation
and close genetic homogeneity was reported even in distant geographic
populations in species of penaeidae from Indian waters using allozymes as
reported in other parts of the world (Bindhu Paul, 2000; Rebello, 2002).
22
The electrophoretic techniques used for separation of allozymes have their own
limitations even though the technique is less expensive compared to the modern
molecular genetic analysis. First of all, the numbers of polymorphic enzyme loci
examined are always much less than hundreds of protein loci present in each
species. Probably, less than 25% of estimated amino acid substitutions are
detectable by gel electrophoresis (Bye and Ponniah, 1983; Powers, 1993).
Besides, not all protein variants can be detected by electrophoresis unless such
variants also produce electrophoretically detectable level of electric charge
differences. Moreover, all the differences in the DNA sequences are not translated
directly to protein polymorphism detected by electrophoretic methods. On the
other hand, modem DNA techniques can reveal and measure even variations in
nucleotide sequences in very sub samples of DNA fragments (Ayala and Keiger,
1984). Hence, the analysis of base sequences of the DNA is the better alternative
in the study of population genetics. Thus, DNA results may have greater
implications in ﬁsheries management and conservation of the genetic resources
than that provided by biochemical genetic method.
2.2 Type 2 molecular markers
Molecular markers can be categorized into two vz'z., nuclear DNA and
mitochondrial DNA (mtDNA) markers based on their transmission and
evolutionary dynamics (Park and Moran, 1994). Nuclear DNA markers such as
Random Ampliﬁed Polymorphic DNA (RAPDs), Ampliﬁed Fragment Length
Polymorphisms (AFLPs), Variable Number of Tandem Repeats loci (VNTRs:
minisatellites, microsatellites) and Single Nucleotide Polymorphisms (SNPs) are
biparently inherited. Mitochondrial DNA markers are maternally inherited; exhibit
high rates of mutation and are non-recombining such that, they have one quarter
the genetic effective population size (Ne) of nuclear markers (Ferguson and
Danzmann, 1998). By using the restriction enzymes to cut in the sequence of
mtDNA at speciﬁc sites, restriction fragment length polymorphisms (RFLP) or
sequence analysis of different genes of mtDNA can be used to detect the
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phylogenetic relationships, pedigree analysis and population differentiation in
many species.
Detection of polymorphisms at nucleotide sequence level represents a new area
for genetic studies, especially as technologies become available, which allow
routine application with relative ease and low cost. With the advent of
thermocyclers, the ampliﬁcation of small fragment of DNA through Polymerase
Chain Reaction (PCR) gained popularity. The PCR technique was discovered in
1985 and the development of DNA ampliﬁcation using the PCR technique has
opened the possibility of examining the genetic changes in ﬁsh populations over
the past 100 years or more using archive materials such as scales (Ferguson and
Danzmann, 1998). The advent of the PCR coupled with automated DNA
sequencers made feasible major technological innovations such as minisatellite
variant repeat mapping (Jeffreys er al., 1991) and assessment of the variations at
microsatellite loci (Weber and May, 1989). The PCR based techniques had added
attraction of the need of only extremely small amounts of DNA that led to the
usage of this technique in aquaculture and ﬁsheries.
2.2.1 Random ampliﬁed polymorphic DNA (RAPDs)
From l990’s, an increasing number of studies have been published making use of
random parts of a genome. One such approach involves PCR ampliﬁcation of
anonymous DNA fragments commonly known as Random Ampliﬁed
Polymorphic DNA (RAPD) (Williams et al., 1993; Welsh and Mc Clelland, 1990)
to amplify stretches of DNA identiﬁed by random primers. A single short primer
(10 base pairs) and low annealing temperature are combined to obtain speciﬁc
ampliﬁcation patterns from individual genomes. Priming sites are randomly
distributed throughout a genome and polymorphisms in such sites result in
differing ampliﬁcation products, detected by the presence and absence of
fragments. Such polymorphisms are inherited in a Mendelian fashion and can be
used as genetic markers (Bardakci and Skibinski, I994; Liu et al., 1999a;
Appleyard and Mather, 2002). It is able to provide a convenient and rapid
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assessment of the differences in the genetic composition of related individuals
(Kazan er al., 1993). RAPD ﬁngerprinting has been used in many studies for the
analysis of phylogenetic and genetic relationship among organisms (Stiles er al.,
1993; Bardakci and Skibinski, 1994; Orozco- castillo et al., 1994; Van Rossum et
al., 1995; Hadrys et al., 1992; Ward and Grewe, 1994). This technique therefore
has the potential for greatly enhancing population structure studies, as it is less
laborious than the currently popular mtDNA RFLP technique; and the detected
polymorphisms (multiple RAPD markers) reﬂect variation in nuclear DNA and
can presumably therefore provide a more comprehensive picture of the population
genetic structure.
The principle behind RAPD analysis is that at low annealing temperatures or high
magnesium concentrations, a primer is likely to fmd many sequences within the
template DNA to which it can anneal. Depending on the length and complexity of
genome of an organism, there can be numerous pairs of these sequences and they will
be arranged inversely to and within about two kilobases of each other. Considering
this, PCR will amplify many random fragments that can vary in size when different
species, subspecies, populations or individuals are analyzed and this will constitute
the basis of identiﬁcation. A single primer is used to amplify the intervening region
between two complementary, but inversely oriented, sequences. Suitable primers
include random GC-rich decarners and polymers complementary to random repeats.
The RAPD technique apart from single copy fraction, also ampliﬁes highly repetitive
regions that may accumulate more nucleotide mutation compared with those
encoding allozyme, offering a wider potential in assessing inter-population genetic
differentiation. Thus, several authors reported speciﬁc RAPD markers, useful for
distinguishing intra-species population or between closely related species, in
organisms where allozyrnes have been proven to have low-resolution power to assess
genetic differences (Black et al., 1992 and Cognato et al., 1995).
RAPD markers have also provided ﬁsheries researchers with new insights into the
behavior ecology and genetic structure of ﬁsh populations, levels of inbreeding,l 25
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disassoitive mating, the success of alternative reproductive strategies and life
histories (Wirgin and Waldman, 1994; Rico er al., 1992; Appleyard and Mather,
2002). The technique of RAPD has been widely used in different groups of
microbes, plants and animals in recent times because of its simplicity and low cost
(Hadrys et al., 1992; Mailer er al., 1994; Tibayrenc er al., 1993; Thomas er al.,
2001; Meneses er al., 1999; Balakrishana, 1995). RAPD-PCR technique has been
shown to give a high resolution especially in separating species complexes and
sibling species, in detecting cryptic pairs of species and in conﬁrming close
relationships between species. Some authors have also employed this technique in
studies of systematics of numerous plant and animal species (Sultmann er al.,
1995; Stothard and Rollinson, 1996).
The technique of RAPD has been used extensively in aquatic organisms such as
the penaeid prawn, Penaeus monodon as markers for breeding programs (Garcia
and Benzie, 1995); in freshwater shrimp Macrobrachium borellii for evaluating
the genetic diversity among 2 of its populations (D’Amato and Corach, 1996); in
the freshwater crab, Aegla jujuyana for the analysis of population genetic
structure (D’Amato and Corach, 1997) and in north-east Atlantic minke whale,
Balaenoprera acutorostrata for stock identiﬁcation (Martinez et al., 1997).
Klinbunga et al. (2000a and 2000b) developed species-speciﬁc markers in the
tropical oyster, Crassostrea belcheri and in mud crabs (Scylla spp.). McCormack
et al. (2000) reported a comparative analysis of two populations of the Brittle star
(Amphiuraﬁlzf0rmz's) by RAPD.
In teleosts, the RAPD method has been used for the identiﬁcation of species and
subspecies in tilapia (Bardakci and Skibinski, 1994; Sultmann et aZ., 1995;
Appleyard and Mather, 2002) and Xiphophorus hellari (Borowsky er al., 1995);
intra-speciﬁc genetic variation in red mullet (Mullus barbatus) (Mamuris er al.,
1998) and monitoring of genetic polymorphism in sea bass after acclimatation to
freshwater (Allegrucci et al., 1995). In addition, a comparative study of RAPD
and multilocus DNA ﬁngerprinting on strains- of Oreochromis niloticus revealed
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similar genetic relationships (Naish er al., 1995; Lee and Kocher, 1996). RAPD
markers were also used in hilsa shad, Tenualosa ilisha for discriminating 3
populations (Dahle er al., 1997); in common carp, Cyprinus carpio for the study
of heterosis (Dong and Zhou, 1998); in Spanish barb for identiﬁcation of 3
endemic species (Callejas and Ochando, 1998); in the Atlantic four-wing ﬂying
ﬁsh Hirundichthys qfﬁnis for stock discrimination (Gomes et al., 1998); in
grouper Epinephelus for differentiating different species (Baker and Azizah, 2000;
Govindaraju and Jayasankar, 2004; Christopher, 2004); in Iberian Barbus for
molecular identiﬁcation of 8 species (Callejas and Ochando, 2001); in the
variations between African and American Cichlids (Goldberg et al., 1999); in the
Paciﬁc cod Gadus macrocephalus to identify its genetic variation within 3
Japanese coastal areas (Saitoh,1998); in red mullet, Mullus barbatus to evaluate
genetic afﬁnities among 8 samples from the Mediterranean Sea (Mamuris er al.,
1998); in scombroid ﬁshes as species-speciﬁc markers (Jayasankar and
Dharmalingam, 1997) and in brown trout, Salmo trutta for detennining genetic
variability among 4 populations (Cagigas er al., 1999). There is now increasing
evidence that the RAPD technique, which has been used in different ﬁelds, can
detect nuclear variation in ﬁsh (Borowski et al, 1995; Naish et al, 1995; Sultmann
et al, 1995; Bielawski and Pumo, 1997; Caccone er al, 1997; Callejas and
Ochando, 1998; Mamuris er al, 1999; Allendorf and Seeb, 2000). These studies
have shown that RAPD is an extremely sensitive method for detecting DNA
variation and for establishing genetic relationships in closely related organisms.
Nagarajan et al (2006) studied the genetic variations between Channa puncratus
populations collected from three rivers of south India were examined using
randomly ampliﬁed polymorphic DNA (RAPD). The results of the study
demonstrated that Thirunelveli and Quilon populations are more related to each
other than to the Coimbatore population.
RAPD analysis has several advantages over the other protocols. These include
relatively shorter time (1-2 days) required to complete analysis after
standardization, ability to detect extensive polymorphisms, inexpensive,
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simplicity, rapidity, need for minute amounts of genomic DNA ('r425ng), random
primers required for analysis, simpler protocol and involvement of non - invasive
sampling for tissue analysis. There is no need for molecular hybridization and
especially it allows the examination of genomic variation without prior knowledge
of DNA sequences (Welsh and McClelland, 1990; Williams et 01., 1993; Liu er
al., 1999a). RAPD-PCR technique has been shown to give a high resolution
especially in separating species complexes and sibling species, in detecting cryptic
pairs of species and in conﬁrming close relationships between species. RAPD
markers are inherited in Mendelian fashion and usually dominant since
polymorphisms are detected as presence or absence of bands after PCR
ampliﬁcation. Polymorphisms result from either size changes in the ampliﬁed
region or base changes that alter primer binding.
However, the application and interpretation of RAPD-PCR in population genetics is
not without technical problems and practical limitations. The main negative aspect of
this technique is that, the RAPD patterns are very sensitive to slight changes in
ampliﬁcation conditions giving problems of reproducibility and necessity of
extensive standardization to obtain reproducible results (Ferguson et al., 1995). In
addition, most of the RAPD polymorphism segregates as dominant markers and
individuals carrying two copies of an allele (heterozygotes) cannot be distinguished
ﬁom individuals carrying one copy of an allele (homozygotes). In the application of
RAPD, it is assumed that populations are under the Hardy-Weinberg Equilibrium,
which may not hold true especially in threatened species. The limited sample size in
each population and the speciﬁc RAPD primers utilized can also have an inﬂuence
over the results (Gopalakrishnan and Mohindra, 2001). Due to all these factors, many
laboratories discontinued work involving RAPDs, even though this marker is still
effectively used in microbes, plants, crustaceans and ﬁshes.
2.2.2 Microsatellites
Recently, attention has been turned to another type of genetic variation that of
differences in the number of repeated copies of a segment of DNA. These
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sequences can be classiﬁed based on decreasing sizes into satellites, minisatellites
and microsatellites (Tautz, 1993). Satellites consist of units of several thousand
base pairs, repeated thousands or millions of times. Minisatellites consist of DNA
sequences of some 9-100bp in length that is repeated from 2 to several 100 times
at a locus. Minisatellites discovered in human insulin gene loci with repeat unit
lengths between 10 and 64bp were also referred to as ‘Variable Number of
Tandem Repeats’ (VNTRs) DNA (N akamura er al., 1987). Microsatellites have a
unique length of 1 to 6bp repeated up to about 100 times at each locus (Litt and
Luty, 1989). They are also called as ‘simple sequence repeat’ (SSR) by Tautz
(1989) or ‘short tandem repeat’ (STR) DNA by Edwards er al. (1991). Jeffreys er
al. (1988) and Weber (1990) opined that length variations in tandemly arrayed
repetitive DNA in mini and microsatellites is usually due to increase or decrease
of repeat unit copy numbers. These differences in repeat numbers represent the
base for most DNA proﬁling techniques used today.
Microsatellites are short tandemly arrayed di-, tri-, or tetra- nucleotide repeat
sequences with repeat size of 1-6 bp repeated several times ﬂanked by regions of
non-repetitive unique DNA sequences (Tautz, 1989). Polymorphism at
microsatellite loci was ﬁrst demonstrated by Tautz (1989) and Weber and May
(1989). Alleles at microsatellite loci can be ampliﬁed by the polymerase chain
reaction (Saiki et al., 1988) from small samples of genomic DNA and the alleles
separated and accurately sized on a polyacrylamide gel as one or two bands and
they are used for quantifying genetic variations within and between populations of
species (O’Connel1 er al., 1997). The very high levels of variability associated
with microsatellites, the speed of processing and the potential to isolate large
number of loci provides a marker system capable of detecting differences among
closely related populations. Microsatellites that have been largely utilized for
population studies are single locus ones in which both the alleles in a heterozygote
show co-dominant expression (Gopalakrishnan and'Mohindra, 2001). Individual
alleles at a locus differ in the number of tandem repeats and as such can be
accurately differentiated on the basis of electrophoresis (usually PAGE) according
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to their size. Different alleles at a locus are characterized by different number of
repeat units. They give the same kind of information as allozymes: distinguishable
loci with codominant alleles but they are more neutral and variable than allozymes
(Queller er al., 1993). Like allozymes, microsatellites alleles are inherited in
Mendelian fashion (O’Connell and Wright, 1997). Moreover, the alleles can be
scored consistently and compared unambiguously, even across different gels. An
additional advantage is that they allow the use of minute or degraded DNA
(Queller et al., 1993).
Generally, microsatellite loci are abundant and distributed throughout the
eukaryotic genome (Tautz and Renz, 1984) and each locus is characterized by
known DNA sequence. These sequences consist of both unique DNA (which
deﬁnes the locus) and of repetitive DNA motifs (which may be shared among
loci). The repetitive elements consist of tandem reiterations of simple sequence
repeats (SSRs) and are typically composed of two to four nucleotides such as
(AC)n or (GATA)n where n lies between 5 and 50 (DeWoody and Avise, 2000).
Within vertebrates, the dinucleotide repeats -GT and CA- are believed to be the
most common microsatellites (Zardoya er al., 1996). Study of single locus
microsatellites requires speciﬁc primers ﬂanking the repeat units, whose
sequences can be derived from (i) genomic DNA libraries or (ii) from available
sequences in the GenBanks.
The high variability, ease and accuracy of assaying microsatellites make them the
marker of choice for high-resolution population analysis (Estoup er al., 1993).
Microsatellites with only a few alleles are well suited for population genetic
studies,,while the more variable loci are ideal for genome mapping and pedigree
analysis and the ﬁxed or less polymorphic microsatellite loci are used to resolve
taxonomic ambiguity in different taxa (Carvalho and Hauser, 1994). Highly
polymorphic microsatellite markers have great potential utility as genetic tags for
use in aquaculture and ﬁshery biology. They are a powerful DNA marker for
quantifying genetic variations within and between populations of species
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(O’Connell er‘ al., 1998). They may prove particularly valuable for stock
discrimination and population genetics due to the high level of polymorphism
compared with conventional allozyme markers (Bentzen er a1., 1991; Wright and
Bentzen, 1994). Microsatellite DNA markers are among the most likely to
conﬁrm to the assumption of neutrality and have proved to be powerful in
differentiating geographically isolated populations, sibling species and sub­
species (Zardoya er al., 1996). The qualities of rnicrosatellites make them very
useful as genetic markers for studies of population differentiation and stock
identiﬁcation (reviewed in Park and Moran 1994; Wright and Bentzen, 1994;
O’Reilly and Wright, 1995), in kinship and parentage exclusion (Queller er aI.,
1993; Kellog er al., 1995; Hansen er a1., 2001) and in genome mapping (Lee and
Kocher, 1996). Microsatellites are also being used as genetic markers for
identiﬁcation of population structure, genome mapping, pedigree analysis; and to
resolve taxonomic ambiguities in many other animals besides ﬁshes (Garcia er al.,
1996; Nelson er al., 2002; Naciri et al., 1995; Waldick er al., 1999; Brooker er al.,
2000; Sugaya er al., 2002; Cioﬁ er al., 2002; Shaw er al., 1999; Supungul et al.,
2000; Norris et al., 2001).
Various authors have reported microsatellite polymorphism and sequences in
some marine and freshwater ﬁsh species for the population genetic analysis
(Estoup er al., 1993; Rico er al., 1993; Brooker er al., 1994; Garcia de Leon et al.,
1995; Presa and Guyomand, 1996; Appleyard er al., 2002; Han er al., 2000; Ball
er al., 2000; Kirankumar er al., 2002). The development of polymorphic
microsatellite markers to determine the population structure of the Patagonian
tooth ﬁsh, Dissosrichus eleginoides, has been reported by Reilly and Ward (1998).
Microsatellite polymorphisms have been used to provide evidence that the cod in
the northwestern Atlantic belong to genetically distinguishable populations and
that genetic differences exist between the northwestern and southeastern cod
populations (Bentzen er al., 1996). O’Connell er al. (1997) reported that
microsatellites, comprising (GT),, tandemly repeated arrays, were useful in
determining the patterns of differentiation in freshwater migratory populations of
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rainbow trout Oncorhynchus mykiss in Lake Ontario. Takagi er al. (1999)
identiﬁed four microsatellite loci in tuna species of genus Thzmnus and
investigated genetic polymorphism at these loci in Northern Paciﬁc populations.
In a cichlid, Eretmodus cyanostictus, Taylor er al. (2001) determined four
polymorphic microsatellite loci for studying nine populations in Lake Tanganyika.
Appleyard er al. (2002) examined seven microsatellite loci in Patagonian tooth
ﬁsh from three locations in the Southern Ocean. Gold er al. (2002) analysed the
population structure of king mackerel (Scomberomorus cavalla) along the east
(Atlantic) and west (Gulf) coasts of Florida using seven microsatellite loci.
O'Connell er al. (1998) reported the investigation of ﬁve highly variable
microsatellite loci in population structure in Pacific herring, Clupea pallasi
collected from 6 sites in Kodiak Island. Similarly, many others reported the
polymorphic microsatellite loci to evaluate the population structure of different
ﬁsh species (Beacham and Dempson, 1998; McConnell et al., 1995; Reilly er al.,
1999; Perez-Enriquez er al., 1999; Ball er al., 2000; Appleyard et al., 2001;
Brooker et al., 2000; Colihuque, 2003; Ruzzante er al., 1996).
Salzburger er al. (2002) reported a case of introgressive hybridization between an
ancient and genetically distinct cichlid species of Lake Tanganyika that led to the
formation of new species. This is evidenced by the analysis of ﬂanking regions of
the single copy nuclear DNA locus (Tmo M27) and studying the parental lineages
in six other microsatellite loci. Leclerc et al. (1999) had cloned and characterized
a highly repetitive DNA sequence from the genome of the North American
Morone saxatilis and that was used to distinguish the four other species. Neff et
al. (1999) described 10 microsatellite loci from blue gill (Lepomis macrochirus)
and discussed their evolution within the family Centarchidae. Kellog et al. (1995)
applied microsatellite-ﬁngerprinting approach to address questions about paternity
in cichlids. The usefulness of microsatellite markers for genetic mapping was
determined in Oreochromis niloticus by Lee and Kocher (1996), while Brooker er
al. (1994) reported the difference in organization of microsatellite between
mammals and cold water teleost ﬁshes. DeW0ody and Avise (2000) reported the
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microsatellite variation in marine, fresh water and anadromous ﬁshes compared
with other animals. Microsatellite DNA variation was used for stock identiﬁcation
of north Atlantic populations of Whiting (Rico 81‘ al., 1997); Oncorhynchus
kisutch (Small er al., 1998a & b); Atlantic salmon (Beacham and Dempson, 1998)
and Ayu, Plecoglossus alrivelis (Takagi et al., 1999a). Microsatellite markers
have been studied in cyprinids also. Naish and Skibinski (1998) studied
tetranucleotide (TCTA) repeat sequences in Indian major carp, Carla calla as
potential DNA markers in stock identiﬁcation. Das and Barat (2002a, b, c) carried
out characterization of dinucleotide microsatellite repeats in Labeo rohita.
Kirankumar er al. (2002; 2003) reported that the complete sequence of repeat like
region in Indian rosy barb (Puntius conchonius).
Although microsatellite DNA analysis through PCR is an ideal technique for
answering many population genetic questions, the development of species-speciﬁc
primers for PCR ampliﬁcation of alleles can be expensive and time-consuming, as
it involves construction of genomic libraries, screening of clones with
microsatellite sequences and designing of microsatellite primers. However, there
are reports which point to the fact that ﬂanking sequences of some microsatellite
loci are conserved within related taxa so that primers developed for one species
can be used to amplify homologous loci in related species. The conservation of
ﬂanking regions of microsatellite sequences among closely related species has
been reported by a number of groups (Moore er al., 1991; Schlotterer er al., 1991;
Estoup er al., 1995; Zheng er al., 1995; Presa and Guyomard, 1996; Scribner et
a1., 1996; May et al., 1997; Coltman er al., 1996; Pepin et al., 1995). Such
approach can circumvent extensive preliminary work necessary to develop PCR­
primers for individual loci that continues to stand in the way of quick and
widespread application of single locus microsatellite markers. Thus, by using
heterologous PCR primers the cost of developing similar markers in related
species can be signiﬁcantly reduced. Schlotterer et al. (1991) found that
homologous loci could be ampliﬁed from a diverse range of toothed (Odontoceti)
and baleen (Mysticerz') whales with estimated divergence times of 35-40 million
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years. Moore et al. (1991) found microsatellites ﬂanking regions were conserved
across species as diverse as primates, artiodactyls and rodents. Microsatellite
primers developed from domestic dogs were used in studies of a variety of cannid
species (Gotelli er al., 1994). Similarly, primers developed for in passerine birds
were used in studies of a variety of bird species (Galbusera er al., 2000).
A number of attempts have been made to study the cross-species ampliﬁcation of
microsatellite loci in ﬁshes. Scribner et al. (1996) isolated cloned microsatellites
from salmon genomic libraries and used for cross-species ampliﬁcation and
population genetic applications in salmon species. May er al. (1997) reported the
microsatellite genetic variation through cross-species ampliﬁcation in sturgeons
Acipenser and Scaphirhynchus. Takagi er al. (l999b) reported that microsatellite
primers isolated from one tuna might be used to amplify microsatellite loci of
other tuna especially those of the genus T hunnus. Microsatellites from rainbow
trout Oncorhynchus mykiss have been used for the genetic study of salmonids
(Morris er al., 1996; Small et al., 1998a & b; Beacham and Dempson, 1998).
Heterologous primers have been used to characterize bull trout by using three sets
of primers from sockeye salmon, rainbow trout and brook trout (Kanda and
Allendorf, 2001), for several Salvelirzus species using primers of Salvelinus
fontinalir for Brook charr (Angers and Bernatchiz, 1996), for Poecilia reticulata
by using primers of Poecilia occidertalis (Parker er al., 1998) and Oreochromis
shiranus and O. shiranus chilwae by using primers of Nile tilapia (Ambali, 1997).
There are some reports in which the ﬂanking sequences are conserved between
families of the same order. Primers of stickleback and cod have been used in
Merlangius merlangius (Gadidae) (Rico er al., 1997); Whiteﬁsh, Coregonus nasus
(Salmonidae) by using primers of rainbow trout (family: salmonidae) (Patton et
al., 1997) and primers of goldﬁsh, Carassius auratus in nine species of cyprinids
(Zheng er al., 1995). Yue and Orban (2002) developed that 15 polymorphic
microsatellite loci in silver crucean carp Carassius aurazus gibelio and reported,
eleven out of 15 primer pairs cross-ampliﬁed in the genome of common carp
(Cyprinus carpio). Zardoya er al. (1996) through a classical study demonstrated
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that microsatellite flanking regions (MFRs) contain reliable phylogenic
information and they were able to recover with considerable conﬁdence the
phylogenetic relationship within Cichlidae and other families of the suborder
Labroidei from different parts of the world including India. In India, Mohindra er
al. (2001 a,b; 2002 a,b,c) have carried out cross~species ampliﬁcation of C.catla
G1 primer in Carla catla from Gobindsagar; Labeo dero, L. clyocheilus L. rohita
and L. calbasu, and sequenced the loci in these species. In an endemic cyprinid of
the Western Ghats (Labeo dussumieri), Gopalakrishnan er al. (2002) sequenced
microsatellite loci by cross-species ampliﬁcation of C. catla G1 primer. The
cross-species ampliﬁcation of microsatellite in Puntius denisonii by using the
primers of other cyprinid ﬁshes was reported by Lijo John (2004). Successful
identiﬁcation of polymorphic microsatellite markers for Cirrhinus mrigala and
Gonoproktopterus curmuca was achieved through use of primers of other cyprinid
ﬁshes (Lal er al., 2004b; Gopalakrishnan er al., 2004a). Twenty-ﬁve primers
developed for four ﬁsh species belonging to the Orders Siluriform and
Osteoglossiform were tested and eight primers ampliﬁed microsatellite loci in
Horabagrus brachysoma. The results demonstrate that cross-priming between ﬁsh
species belonging to different families and even to different orders can yield
microsatellite loci (Gopalakrishnan er al., 2006; Muneer, 2005)
The advantages of microsatellites such as short size range, uninterrupted stretches
of identical repeat units, high proportion of polymorphism, the insight gained in
understanding the mutational process which helps in developing statistical
procedures of inter-population comparisons, their abundance in ﬁsh genomes, the
availability of methodologies in cloning of microsatellites, have all resulted in
their abundant use in ﬁsheries research. The tetranucleotide microsatellites are
very much useful in paternity and forensic investigations in humans. The
advantageous properties of microsatellites has led to modern developments such
as digital storage, automated detection and scoring systems such as automated
genotyping, ﬂuorescent-imaging devices etc. (O’Com1ell and Wright, 1997).
Disadvantages of microsatellites are that of the appearance of shadow or stutter
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bands, presence of null alleles (existing alleles that are not observed using
standard assays); homoplasy; and too many numbers of alleles at certain loci that
would demand very high sample size for analysis (Mohindra et al., 2001a). Also,
microsatellite ﬂanking regions (MFRs) sometimes contain length mutations which
might produce identical length variants that could compromise microsatellite
population level links (and comparisons of levels of variation across species for
homologous loci) and phylogenetic inferences as these length variants in the
ﬂanking regions can potentially minimize allele length variation in the repeat
region (Zardoya et al., 1996). The genetic analyses of eight microsatellite loci in
European bullhead (Cottus gobio L.) revealed strong genetic similarities between
populations of both sides of the Rhine~Rh6ne watershed in the Lake Geneva area
(Vonlanthen er al., 2007).
Microsatellites have become the genetic markers of choice for studies of
population differentiation and parentage determination. However, several
microsatellite loci are required for such studies in order to obtain an appropriate
amount of genetic polymorphism (Herbinger er al., 1995; Ferguson et al., 1995).
Fortunately, genotypic data collection has become efficient through the
development of automated genotyping using ﬂuorescent-labeled DNA and co­
ampliﬁcation of multiple loci in a single PCR (O’Connell and Wright, 1997;
Smith et al., 1997).
2.3 Genetic markers in cyprinids
Genetic markers have been widely used to distinguish stock structure in Cyprinids.
Population genetic and phylogenetic analysis using allozymes were initiated in
cyprinids especially in European barbs in early 1980s. Based on substrate-speciﬁcity,
Gopalakrishnan er al. (1997) characterized different esterases in Indian major carps
through polyacrylamide gel electrophoresis (PAGE) and identiﬁed species-speciﬁc
esterase proﬁles in rohu (Labeo rohita) and mrigal (C irrhinus mrigala). Hanﬂing and
Brandl (2000) used allozyme in 23 central European cyprinid taxa to segregate the
two sub-families - Alburninae and Leuciscinae - in Cyprinidae. This study suggested
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that Albuminae and Leuciscinae should be merged into one sub-family, since
allozyme and DNA gave evidence that together this large group may be
monophyletic. Cannona et al. (2000) reported signiﬁcant genetic divergence among
10 populations of the Iberian endemic cyprinid Chondrosloma lemmingii using 26
loci encoding l9 enzymes and the complete nucleotide sequence of the mitochondrial
cytochrome b gene. Carmona et al. (1997) also examined nuclear (allozymes) and
cytoplasmic genes (mtDNA) to assess the evolutionary origins, relationships, and
reproductive modes of diploid and polyploidy forms of Tropidophoxinellus
alburnoides from western Spain. The multi-locus allozyme data clearly revealed the
hybrid nature of all polyploid forms of this ﬁsh and some diploid forms as well.
Mitochondrial DNA and allozymes were used to determine patterns of genetic
variation in populations of Lepidomeda vittata, a cyprinid ﬁsh native to the Little
Colorado River in Arizona by Tibbets er al. (2001). Aphyocypris chinensis has
drastically decreased in Japan and has been designated as an endangered species.
Using l2 loci encoding eight allozyme analysis, Ohara er al. (2003) tested the genetic
diversity of A. chinensis strains maintained by ﬁve institutions in Japan for
conservation purposes. The genetic variations of rohu (Labeo rohita, Hamilton)
sampled from ﬁve hatchery populations (Arabpur, Brahmaputra, Comilla, Kishorganj
and Natore of Bangladesh) and three major river populations (the Halda, the Jamuna
and the Padma of Bangladesh) were analysed by Khan et al. (2006) using
electrophoretic analysis of 10 allozymes. The relationship between shoaling
behaviour and the genotypic structure of 13 European minnow, Phoxinus phoxinus,
collected from Dorset and North Wales, UK., was examined by Naish et al. (1993)
using 13 allozymes. Konishi (2003) investigated the genetic relationships among the
three Pseudorasbora species and two endangered subspecies, P. pumila pumila and
P. pumila subsp. found in Japan using allozyme analyses and indicated that the level
of genetic differentiation between Pseudorasbora parva and Pseudorasbora pumila
was greater than that between the two subspecies.
Microsatellite loci are now commonly used as genetic markers for population
genetic studies and to resolve the phylogenetic relationships between different
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populations, to classify individuals by relatedness, and for ﬁnding quantitative
trait loci (QTL). In a study by Das er al. (2005) isolated 12 microsatellite loci in
rohu by genomic enrichment. These markers great potential in terms of studying
genetic variation within and between populations, selective breeding programs as
well as gene mapping in ﬁsh species were carried out in L. rohita, and were
ampliﬁed and were found 12 polymorphic loci in L. rohira. Crooijmans er al.
(1997) isolated clones containing (CA) repeat from common carp (Cyprinus
carpio L.) genomic libary and sequenced the clones and described microsatellite
markers of the poly (CA) type. The number of repeats found was high compared
to mammals but comparable with other teleost ﬁshes. A total of 41 primer sets
were designed and thirty two markers were found to be polymorphic and were
found to be useful in determining the stock strucuture of Cyprinus carpio. Several
polymorphic microsatellite markers have been developed and successfully
employed to score intra-speciﬁc variation in cyprinids. Markers were either
generated by microsatellite-enriched genomic libraries or through cross-species
ampliﬁcation. These classes of markers were found to be superior over other and
have become extremely popular in a wide-variety of genetic investigations in
carps in the recent past (Liu & Cordes, 2004). Mohindra et al. (2005) tested 54
primers published for six cyprinid ﬁshes to amplify homologous microsatellite
loci in Labeo dyocheilus. Fifteen primers yielded successful ampliﬁcation and
seven were polymorphic with 3-9 alleles. The genetic variation detected at these
loci exhibit promise for use in ﬁne level population structure analysis of L.
dyocheilus. Gopalakrishnan er al. (2004a) demonstrated successful cross-priming
of microsatellite loci in red-tailed barb, G. curmuca and identiﬁed ﬁve
polymorphic loci that exhibit promise to determine genetic divergence in natural
populations of this species. This will also provide monitoring mechanism against
the possible genetic bottlenecks; the populations may be facing and help to plan
strategy for rehabilitation of declining natural resources. Saillant et al. (2004)
examined allelic variation at 22 nuclear-encoded markers (21 microsatellites and
one anonymous locus) and mitochondrial (mt)DNA in two geographical samples
of the endangered cyprinid ﬁsh Notropis melfistocholas (Cape Fear shiner).
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Genetic diversity was relatively high in comparison to other endangered
vertebrates, and there was no evidence of small population effects despite the low
abundance reported for the species. Signiﬁcant heterogeneity (following
Bonferroni correction) in allele distribution at three microsatellites and in
haplotype distribution in mtDNA was detected between the two localities. Tong
et al. (2005) in their study, proved a microsatellite locus, MFW1, originating from
common carp is highly conserved in ﬂanking nucleotides but variable in repeat
length in some ﬁshes from different sub-families of the Cyprinidae. This
polymorphic orthologous locus was proved to be a potentially good marker in
population genetics of cyprinid species, where no microsatellite markers were
available. Chauhan et al. (2007) studied the population structure of Cirrhinus
mrigala from ten rivers belonging to Indus, Ganges, Brahmaputra and Mahanadi
basins in India was investigated using allozyme and microsatellite loci. Both
markers types demonstrated concordant results and various estimates revealed
genetic variability within the subpopulations but surprisingly low level (0=0.015
to 0.02) of genetic differentiation among C. mrigala from different river samples.
RAPD markers were also employed in cyprinids mainly to study genetic variation
among isolated riverine populations as well as to generate species-speciﬁc
molecular signatures (Das er al., 2005). Barman er al. (2003) used these markers
for studying genetic relationships and diversities in four species of Indian major
caips (IMCs: Family-Cyprinidae). Thirty-four arbitrary primers were screened to
identify species-speciﬁc RAPD markers among rohu (Labeo rohita), kalbasu
(Lcalbasu), catla (Carla catla) and mrigal (Cirrhinus mrigala). Distinct and
highly reproducible RAPD proﬁles with a great degree of genetic variability were
detected among species. Genetically heterogeneous populations of Rurilus rutilus
caspicus, a cyprinid ﬁsh species from two geographical areas (Gorgan Bay and
Anzali Wetland) in Iran were identiﬁed by Keyvanshokooh and Kalbassi (2006)
using 10 decamer primers. Callejas and Ochando (2002) used ampliﬁed
polymorphic DNA (RAPD) markers to estimate the population structure and
phylogenetic relationships among the eight species of the genus Barbus that
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inhabit the Iberian Peninsula. Wolter et al. (2003) in their study, using RAPD,
analyzed the genetic structure of populations for seven common cyprinid ﬁsh
species within a l20Km long stretch of the lowland Elbe River, northern
Gennany. Islam & Alam (2004) used RAPD to assess the genetic variation in
three rivers: the Halda, the Jamuna and the Padma (in India) as well as in one
hatchery population of the commercially important Indian major carp, Labeo
rohita and they concluded that the RAPD system may be more useful to generate
molecular markers for genetic characterization in the Indian major carp, L. rohita.
The genetic variation of the endangered freshwater ﬁsh Ladigesocypris ghigii,
endemic to the island of Rhodes (Greece), was investigated for nine populations,
originating from seven different stream systems using Random Ampliﬁed
Polymorphic DNA analysis and the study revealed high levels of inter-population
genetic structuring (Mamuris et al., 2005). The work by Basavaraju et al. (2007)
dealing with the genetic diversity of six stocks of common carp of diverse origin
showed that despite the varied origins of the stocks assessed in this study, the
level of genetic variation within each stock is low. The whole brood stock of two
Hungarian common carp farms—80 and 196 individuals——was analyzed by using
random ampliﬁed polymorphic DNA (RAPD) assay and microsatellite analysis.
Ten polymorphic RAPD markers and four microsatellites were selected to
genotype both of the stocks. As expected, microsatellite analysis revealed more
detailed information on genetic diversities than RAPD assay (Bartfai et al., 2003).
RAPD markers were also used in Spanish barb for identiﬁcation of 3 endemic
species (Callejas and Ochando, 1998) and in the common carp, Cyprirzus carpio
for the study of heterosis (Dong and Zhou, 1998).
Since the existence of natural population subdivisions may imply adaptation to
local conditions, genetic assessments of the degree of population structuring and
gene ﬂow are necessary not only to preserve the existing biodiversity, but also to
keep valuable adaptive resources. The assessment of the degree of genetic
differentiation between cultivated and wild populations, as well as monitoring of
the changes in genetic composition of the receiving populations after release,
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should constitute an integral part of any translocation or restocking programme.
Gonoproktopterus curmuca, the species selected for present study was enlisted as
‘endangered’ according to the latest IUCN categorization in the NBFGR-CAMP
workshop held in 1997 (Anon., 1998). The species was short listed for taking up
‘stock-speciﬁc propagation assisted rehabilitation progra1nme' in rivers where it is
naturally distributed. Liu er al. (2007) conﬁrmed that it is important to detect the
genetic variability of the selected population for the conservation of natural
resources. However, no attempts have been made to study the stock structure and
basic genetic proﬁle of the species that are essential for the ﬁshery management,
conservation and rehabilitation of this species.
Hence the present study was taken up with a view to obtain a detailed population
structure of the species — Gonoproklopterus curmuca - distributed in three rivers
(Periyar River, Chalakkudy River, and Chaliyar River) in the Western Ghats using
polymorphic allozyme, microsatellite and RAPD markers.
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3.1 Fish Specimen Collection
Live specimens of Gonoproktopterus curmuca (70 specimens from each
population, ranging from 15c1n - 41cm in total length; ~ 45g - 325g total weight)
(Figure 01 & 02) were collected from its natural distribution range - three west
ﬂowing rivers along the Western Ghats in Kerala state, India, vz'z., 1) Periyar
River at Bhoothathankettu, Emakulam, (10° 08' 06" N; 760 39’ 40" E; 5201n above
MSL); 2) Chalakkudy River at Athirampilly, Trichur (10° 17' 23" N; 76° 32’ 49"
E; 680m above MSL) and 3) Chaliyar River at Manimooli, Nilambur,
Malappuram (110 20' 59" N; 760 18’ 39" E; 950m above MSL) (Figure 03). The
riverine locations were chosen to cover geographically distinct populations of G.
curmuca. Fishes were collected using cast nets and other conventional methods
and their total length, total weight were recorded. The details of ﬁsh samples
collected in different periods are given in Table 01.
Table 01. Sample size of Gcurmuca and sampling period at three riverine
locations
SI. River Collection Sampling N 0. of SgztisNo. system Site Date specimens p(N).
Bhoothathankettu, 16.07.2002 2 09
Periyar
River
Emakulam
10° 08' 06" N
76° 39’ 40" E
17.09.2002
15.11.2002
11.07.2003
06.10.2003
70
Chalakkudy
River
Athirampilly,
Tri chur
10° 17' 23" N
76° 32" 49" E
14.02.2002
26.04.2002
27.04.2002
29.06.2002
06.02.2003
70
Chaliyar
River
Manimooli,
Nilambur, '
Malappuram
11° 20' 59" N
76°18’ 39" E
04.07.2002
30.12.2002
19.05.2003
70
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3.2 Collection of tissue samples
3.2.1 Collection of blood samples for DNA marker studies
Blood samples (circa 0.25mL) for DNA extraction were collected
using minimal-invasive method from the live ﬁsh immediately after capture by
puncturing the caudal vein, using sterile syringes rinsed with anticoagulant
Heparin (l000units/lmL; Biological E. Limited, lndia.). The blood samples were
immediately poured into sterile l.5mL microfuge tubes containing l.25mL of
95% ethyl alcohol. To avoid clotting of blood in ethyl alcohol, the tubes were
thoroughly shaken; sealed using ‘Paraﬁlm’; transported to the laboratory and
stored in refrigerator at 4°C until further analysis.
3.2.2 Collection of liver and muscle for allozyme analysis
Liver and abdominal muscle tissues were dissected out from the specimens at the
sampling site itself, wrapped in sterile aluminium foil, labelled and transported to
the laboratory in cryocans ﬁlled with liquid nitrogen. In the laboratory, they were
stored in ultra-low freezers at -850C, until further analysis.
3.3 Allozyme analysis
3.3.1 Sample preparation
Small pieces of liver and abdominal muscle tissues were removed from the frozen
samples. The protocol for sample preparation is given below.
I Approximately 100-250mg tissue (liver or muscle) was taken in a labelled
l.5mL centrifuge tube kept on ice.
I The tissues were homogenized approximately in 4 volumes of chilled
extraction solution (given in box below), while keeping on ice.
I Centrifuged the homogenized samples at 14000 rpm at 4°C for 1 hour in
‘Heraeus - Biofuge Stratos’.
I 100-200uL of the supematant was pipetted out (from middle portion), in another
cold vial avoiding the white layer at the meniscus and debris at the bottom.
I Centrifuged at 12000 rpm at 4°C for 30minutes in ‘Heraeus - Biofuge Stratos’
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I The clear solution was taken from middle portion for allozyme analysis.
I Extracting solution (to be prepared afresh)
For liver (250mg/mL) 50% sucrose 2mL
EDTA (64mg/100mL) 5rnL
0.2M Tris-HC1 (pH7.2) 0.5mL
Double distilled water 2.5mL
Total volume l0mL
For muscle (l25mg/mL) 10% sucrose solution.
3.3.2 Selection of allozymes
Twenty-ﬁve enzymes were used for initial screening and of these, fourteen were
found to give scorable activity and hence selected for detailed investigation on stock
structure of Gonoproktopterus curmuca. The name of enzyme loci, enzyme
commission numbers and quaternary structure are given in Table 02. The selected
fourteen enzymes were Aspartate amino transferase (AAT, 2.6.1.1), Creatine kinase
(CK, 2.7.3.2), Esterase (EST, 3.1.1.1), Glucose-6-phosphate dehydrogenase
(G6PDH, 1.1.1.49), Glucose phosphate isomerase (GPI, 5.3.1.9),
0t-Glycerophosphate (Glycerol 3-phosphate) dehydrogenase (ot-G3PDH, 1.1.1.8),
Glyceraldehyde-3-Phosphate dehydrogenase (GAPDH, 1.2.1.12), Lactate
dehydrogenase (LDH, 1.1.1.27), Malate dehydrogenase (MDH, 1.1.1.37), Malic
Enzyme (ME, 1.1.1.40), Phosphogluconate dehydrogenase (6PGDH, 1.1.1.44),
Phosphoglucomutase (PGM, 5.4.2.2), Superoxide dismutase (SOD, 1.15.1.1) and
Xanthine dehydrogenase (XDH, 1.1.1.204). Among these 12 were polymorphic
and rest two enzymes were monomorphic, viz. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, 1.2.1.12) and Malic enzyme (ME, 1.1.1.40)
The enzymes that did not give scorable activity and hence discarded were Acid
phosphatase (ACP), Adenylate kinase (AK), Alcohol dehydrogenase (ADH),
Alkaline phosphate (ALP), F umerase (FUM), Glutamate dehydrogenase (GDH),
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Glucose dehydrogenase (GLDH), Hexokinase (HK), Isocitrate dehydrogenase
(ICDH), Octanol dehydrogenase (ODH), and Pyruvate kinase (PK).
Table 02. Name of enzymes with their enzyme commission (E.C.) number used
in allozyme analysis in Gonoproktopterus curmuca
Enzymes Abbreviation E.C. number QuaternaryStructure
“Acid phosphatase ACP 3.1.3.2 Dimer
Adsnybts kinase -_ AK 2.7.4.3 Monomer
_A1cohol dehydrogenase N ADH 1.1.1.1 Dimer
Alkaline phosphatase ALP 3.1.3.1 M0no/Dimer
Aspartate amino transferase AAT a 2.6.1.1 Dimer
pCreatine kinase  7 CK 2.7.3.2 DimerEsterase EST M 3.1.1.­ Monomer
Fumerase FUM as 4.2.1.2 Tetramer
Glutamate dehydrogenase GDH 1.4.1.3 Hexamer
Glucose-6-phosphate dehydrogenase MGGPDH 7 1.1.1.49 Dimer
Glucose phosphate isomerase GPI D 5.3.1.9 Dimer
Glucose dehydrogenase 61.011 1.1.1.47 Dimer
(1-Glycerol-3-phosphate
dehydrogenasey i p 0.-G3PDH 1.1.1.8 Dimer
Glyceraldehyde-3-Phosphate
dchydrogenase H GAPDH 1.2.1.12 Tetramer
Hexoldnase 0 1 HK 2.7.1.1 Monomer
Isocitratedehydrogenase ICDH 1.1 .1 .42 Dimer
“Lactate dehydrogepase LDH 1.1.1.27 Tetramer
Malate dehydrogenase p D DMDH _ 3 1.1.1.37 DimerMalic enzyme  i { ME é 1.1.1.40 Tetramer
uQctono1 dehydrogenase _ y ODH pp 1.1.1.73 Dimer
Phosphogluconatedehydrogenase  6PGDH_ 1.1.1.44 Dimer
__Phosphoglucomutase 5.4.2.2 Monomer
Pyruvate kinase _ y   PK 7*? 2.7.1.40 Tetramer
Superoxide dismutase { W SOD 1.15.1.1 Dir_ner
dehydrogen?“  4- XDH . 1.1.1.204 H Dimer
3.3.3 Electrophoresis
The supematant of the tissues was analysed Po1yAcry1amide Gel Electrophoresis
(PAGE) using 7.25% gel. The band pattems (zymogram) were detected by speciﬁc
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enzyme substrate staining procedures of Shaw and Prasad (1970) and Shaklee et al.
(1990a). Since the liver tissue produced sharp and reproducible band pattems without
trailing, it was selected for ﬁirther studies. Electrophoresis was carried out in the
vertical slab gel apparatus (l00mm height X 100mm wide X lmm thick; Amersham
Biosciences, USA). The gel composition for PAGE is given below.
PAGE gel composition  Volume M _Acrylamide (40%) 7 Hi 3 .5mL 0 0* T
Bis acrylamide (2.1%) 2.5mLDouble distilled water 6mLTank buffer (IX) 5mL
Ammonium persulphate (0.28%) 3mLTEMED 20 uL
Two buffer systems, TBE (90mM Tris-borate and 2mM EDTA, pl-I8) and TG (5
mM Tris-HCl and 0.03 8M Glycine, pH8.3) were tried for the present study. Stock
solutions of acrylamide and bis-acrylamide, gel buffer, ammonium persulphate
(APS) and TEMED (N,N,N’,N’- Tetramethyl ethylene diamine) were prepared as
mentioned above. To increase the resolution of the bands in the gel mixture
0.34mL of NAD (stock solution: 15mg/mL double distilled water) or l00pL
NADP (stock solution: 4mg/mL double distilled water) was added in the gel based
on the nature of the enzyme (Gopalakrishnan er al., 1997). The gel mixture was
loaded and the combs were kept to make wells in the gel. The IX TBE or Tris­
glycine (TG) buffer was poured in upper and lower chambers. For all the
enzymes, except CK, ME, 6PGDH, PGM and SOD, 2.34mL of NAD stock
solution was added in upper chamber during electrophoresis. For CK, ME,
6PGDH and PGM 700uL of NADP stock solution was added instead of NAD.
Approximately 6uL of sample (clear supernatant) was loaded in each well at the
cathodal end and the nm was canied out at a constant current of 30mA (150V) for
50minutes to l30minutes at 200C, till the indicator dye (aqueous bromophenol blue;
ﬁnal concentration 0.05%) reached the anodal end of the gel. Aﬁer completion of run,
the gel was stained for speciﬁc allozymes using standardizal protocols.
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3.3.4 Staining and Imaging
The staining recipe used for allozyme detection was slightly modiﬁed from that of
Shaw and Prasad (1970), Shaklee er al. (l990a) and Gopalakiishnan er al. (1997). The
zones of activity of each enzyme were revealed by incubating the gels in the dark at
37°C in the presence of speciﬁc substrate and histochemical staining solution until
sharp bands were visualized. The stock solutions used were also of the same
concentration mentioned in the original recipe. In PGM and GP1, 2% agar overlay was
done for better resolution and to prevent leaching out of the enzyme-stain complex
from the gel. Aﬁer staining, the gels were photographed (using Image Master ID elite).
The details of the staining recipe for these fourteen enzymes are given below.
Aspartate Amino Transferase
(AAT) 2.6.1.1, Dimer
Creatine Kinase
(CK)2.7.3.2, Dimer _
on -ketoglutaric acid (20mgmL)
L-Aspartic Acid (50mg/mL)
Pyriodoxal 5-phosphate
(lmg/mL)
BB salt (40mg/mL)
0.2MTris-HCl buffer (pH8)
Distilled water
1mL
lmL
0.5mL
0.51nL
2.5mL
4.5mL
Creatine phosphate
ADP (2.0mg/mL)
Glucose
NADP (4mg/mL)
MTT or NBT (8mg/mL)
MgCl; (20mg/mL)
0.2M Tris-HC1 buffer
(PH3)
Hexokinase
(1 000units/mL)
PMS (1.7mg/mL)
G6PDH (l000units/mL)
Distilled water
10mg
3mL
250mg
1 .6mL
0.4mL
2mL
2.5mL
20uL
0.2mL
20uL
2mL
1% Agar overlay (Optional)
Running buffer TBE Running buffer TBE
Running time 65min Running time 50min
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Esterase
3.1.1.- , Monomer
Glucose -6-Phosphate
Dehydrogenase
(G6PDH) 1.1.1.49, Dimer
0t~naphthyl acetate (20mg in
0.5mL acetone + 0.5mL H20)
B-Naphthyl acetate (20mg in
0.5mL acetone + 0.5mL H20)
Fast Blue RR (Smg/mL)
0.2M Tris-HCl buffer (pH8)
Distilled water
Running buffer
Ruming time
0.5mL
0.5mL
0.5mL
2.5mL
6mL
TBE
50min
Gluc0se-6­
PO4(50mg/mL)
NADP (4mg/mL)
NBT (8mg/mL)
PMS (1 .7mg/mL)
0.2M Tris-HCl buffer
(pH8)
MgCl2 (20mg/mL)
Distilled water
0.6mL
l.61nL
O.4mL
0.4mL
2mL
0.4mL
4.6mL
Running buffer
Running time
TBE
90min
(GPI) 5.3.1.9, Dimer
Glucose Phosphate Isomerase (1-Glycerol-3-Phosphate
Dehydrogenase
(oz-G3PDH) 1.1.1.8, Dimer
Fructose-6-phosphate
(20mg/mL)
NADP (4mg/mL)
MgCl;_> (20mg/mL)
G6PDH (1 000units/mL)
NBT (8mg/mL)
PMS (1 .7mg/mL)
0.2M Tris-HCl buffer (pH8)
Distilled water
Agar 2% overlay.
Running buffer
lmL
1.6mL
O.5mL
2OpL
0.4mL
O.2mL
2.5mL
3.8mL
TBE
Running time _g90min
or.-DL-glycerophosphate
NAD (l5mg/mL)
NBT (8 mg/mL)
PMS (1 .7mg/mL)
0.2M Tris-HCl buffer
(PH3)
0.1M MgCl2 (20mg/mL)
Distilled water
Running buffer
Running time
260mg
0.6mL
0.4mL
0.3mL
3.5mL
0.4mL
4.8mL
TBE
90min
49
cmaa
§?-Qlyceraldehyde-3-Phosph ate
tjehydrogenase
5(GAPDH) 1 2 1 1 Tetramer. . . 2,
Fructose -011,1 éiéiiaiipiééphaiéi
(Sodium salt; 20mg/mL)
Aldolase (1000 units)
NAD (1 5mg/mL)
NBT (8mg/mL)
PMS (1 .7mg/mL)
Arsenate (Sodium salt;
20mg/mL)
0.2M Tris-HCl buffer (pH8)
Distilled water
Running buffer
Rumiing time
2.5mL
220uL
O.4mL
O.4mL
0.2mL
l.5mL
2.5mL
2.5mL
TBE
1 10min
Lactate Dehydrogenase
(LDH) 1.1.1.27, Tetramer
Lithium lactate
(40111 g/ mL)
NAD (l5mg/mL)
NBT (Smg/mL)
PMS (l.7mg/mL)
0.2M Tris-I-{Cl buffer
(PH8)
Distilled water
Running buffer
Running time
l.6mL
0.41nL
O.4mL
0.2mL
2.5mL
4.7mL
TBE
90min
"§Malate Dehydrogenase
1.1.1.37, Dimer
Malic Enzyme
(ME) 1.1.1.40, Tetramer
Sodium malate (50mg/mL;
Malic acid Sodium salt)
NAD (l5mg/mL)
NBT (Smg/mL)
PMS (1.7mg/mL)
0.2M Tris-HCl buffer (pH8)
Distilled water
Running buffer
Running time 7
2mL
O.4mL
0.4mL
0.2mL
2.5mL
4.5mL
TBE
90min
Sodium malate
(50mg/mL; Malic acid
sodium salt)
NADP (4mg/mL)
NBT (8mg/mL)
PMS (1 .7mg/mL)
0.2M Tn's-HCl buffer
(PH8)
Distilled water
MgCl2 (20mg/mL)
Oxaloacetic acid (to
inhibit MDH)
Running buffer
Running time H
lmL
l.6mL
O.4mL
0.2mL
2.5mL
3 .5mL
0.5mL
9mg
TBE
90min
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Phospogluconate Dehydrogenase
(6PGDH) 1.1.1.44, Dimer
Phosphoglucomutase
(PGM) 5.4.2.2, Monomer
Phosphogluconate tri sodium 5mg
salt
NADP (4mg/ m L) 1.6mL
MgC1; (20mg/1nL) 0.5mL
NBT (8mg/mL) 0.4mL
PMS (1 .7mg/mL) 0.2mL
0.2M Tris-HC1 buffer (pl-I8) 2.51nL
Distilled water 4.8mL
Rurming buffer TBE
Running time 65min Running time 90min
Glucose-1-phosphate
(5Omg/mL)
NADP (4mg/mL)
MgCl2 (2Omg/mL)
G6PDl-I (l000units/ml.)
NBT(8mg/mL)
PMS (1.7mg/mL)
0.2M Tris-HCl buffer
(PH8)
Distilled water
A gar 2% overlay
Running buffer
l1nL
1.6mL
11nL
20uL
0.4mL
0.2mL
2.5mL
6mL
TBE
Superoxide Dismutase
(SOD) 1.15.1.1, Dimer
Xanthine Dehydrogenase
(XDH) 1.1.1.204 - Dimer
NBT (Smg/mL) 0.4mL
0.4mL
O.4mL
PMS (1 .7mg/mL)
NAD (15mg/mL)
0.2M Tris-HCl buffer (pH8)
Distilled water
Keep in dark for 20min
sharply without PMS & NBT.
Then expose to sunlight (or
ordinary bulb) with NBT &
PMS.
3mL
6mL
Running buffer TG
_Running time 80min
Hypoxanthine
(100mg/mL)
NAD (15mgmL)
0.2M Tn's-HCl buffer
(pH7.5)
NBT (8mg/mL)
PMS (1 .7mg/mL)
Distilled water
Pyruvate (to inhibit
LDH)
Running buffer
Running time
1.6mL
0.4mL
7.5mL
0.4mL
0.2mL
0.4mL
150mg
TBE
13 0min
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3.3.5 Scoring of alleles
The enzyme activity obtained in the gel was differentiated into speciﬁc zones of
enzyme loci. Nomenclature of loci and alleles as recommended by Shaklee er al.
(l990a) was followed. The slowest moving zone was marked as locus 1 and the
faster one as locus 2. The zone having bands with different electrophoretic
mobilities was counted as polymorphic (more than one allele) and the one without
as monomorphic loci (single allele). The differences in the electrophoretic
mobilities of bands in a polymorphic locus were actually measured to distinguish
the multiple fonns of the alleles at the locus. The banding pattern of heterozygous
in polymorphic loci, conﬁrmed to that expected as per the structure of the
respective protein (Whitmore, 1990). When an allozyme genotype had only two
bands, the enzyme structure was described as monomeric heterozygote and when
it formed three bands, it was considered as a heterozygous pattern of a dimeric
enzyme. As a general practice, the most common band was given the
electrophoretic mobility value 100. Alternate alleles were designated as per their
mobility, in relation to the most common allele. Since protein/allozyme bands are
co-dominant allelic products (genotypes), a single banded genotype was counted
as a homozygote fonned of homozygous alleles. VVhen genotypes were formed of
more than two different alleles already considered, then the locus was counted as
multiple allelic as in AAT enzyme in this study with alleles 100, 108 and 117
(Figure 04). The number of different genotypes observed at each locus was
counted in each sample.
3.3.6 Analysis of Data
3.3.6.1 Allele frequencies, polymorphic loci and heterozygosity
To analyze variation in allozyme loci, allele frequencies at each locus were
calculated with GENETIX Software (version 4.0, Belkhir et al., 1997). A locus
was considered to be polymorphic when frequency of most common allele was
equal to or less than 0.99 (Nei, 1987). The mean number of alleles per locus;
observed and expected heterozygosities (Hob, and Hexp) and percentage of
polymorphic loci for overall and each population were calculated with GENETIX.
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The allele frequencies of multiple collections of the same river in different years
were tested for signiﬁcant homogeneity and the genotype data from different
collection sets for the same river that exhibited homogeneity were pooled. The
combined data sets were used for ﬁlrther analysis of parameters of genetic
variation and population structure of G. curmuca.
3.3.6.2 Linkage disequilibrium
This parameter was tested using a contingency table test for genotype linkage
disequilibrium between pairs of loci in a population, based upon the null
hypothesis that genotypes at one locus are independent of genotypes at other
locus. Calculations were performed using the GENEPOP Ver. 3.3d programme
(Raymond and Rousset, 1998), which performs a significance test using Markov
chain procedures.
3.3.6.3 Hardy- Weinberg Equilibrium
Exact P-tests for conformity to Hardy-Weinberg Equilibrium (probability and
score test) were performed by the Markov Chain method using GENEPOP
version 3.3d (Raymond and Rousset, 1998) with parameters, dememorization =
1000; batches = 10 and iterations = 100; and based upon a null hypothesis of
random union of gametes. The signiﬁcant criteria were adjusted for the number of
simultaneous tests using sequential Bonferroni technique (Rice, 1989).
3.3.6.4 Estimates of population differentiation
The genetic differentiation between populations was investigated by: 1) Exact
test to assess genotypic homogeneity between different pairs of populations
over each locus and all loci combined using GENEPOP. This test was
performed on genotype tables, assuming possible non - independence of alleles
within genotypes will not affect test validity (Raymond and Rousset, l995a &
b). A Markov Chain method (Guo and Thompson, 1992) was used to generate
an unbiased estimate of the exact test. Although exact test of genotype and
allele frequencies may be the most sensitive detector of population
differentiation, it provides no estimate of the magnitude of the differences
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(Donnelly er al., 1999); hence, to assess the population structure in a
quantitative way, F51 estimator was used. 2) F-statistics (F15 and FST): The
coefficient of genetic differentiation (PST) and the inbreeding coefﬁcient (F15)
were estimated through estimator of Weir and Cockerham, (1984). Estimation
of average FST and determining whether the values are signiﬁcantly different
from zero; and calculation of pair-wise population FST values (6) and their
signiﬁcance levels, were carried out using GENEPOP. This programme
performs numerical resampling by bootstrapping (1000 times in the present
study) and jack-knife procedures in order to estimate conﬁdence intervals and
the signiﬁcance of values. F5; values range from 0 to 1, the greater the value,
the greater the differences among populations (Beaumont and Hoare, 2003).
F|$ refers to the Hardy-Weinberg distribution (or otherwise) of genotypes of
individuals within sub-population and is deﬁned as the correlation between
homologous alleles within individuals with reference to the local population. It
is a measure of deviations from Hardy-Weinberg proportions within samples
and some times known as ﬁxation index. Positive values of ﬁxation index
demonstrate an excess of homozygotes (positive correlation between
homologous allele) or conversely, a deﬁciency of heterozygotes, relative to the
Hardy-Weinberg model. This could be due to inbreeding and this index is
often labeled as an inbreeding coefﬁcient.
3.3.6.5 Genetic similarity and distance
Genetic similarity/identity and distance between pairs of populations of
G. curmuca were estimated using POPGENE Version 1.31 (Yeh et al., 1999).
Nei and Li‘s (1979) pair~wise genetic similarity (SI) among these specimens
were computed and converted by POPGENE into genetic distance (GD)
according to Hillis and Moritz’s (1990) formula, GD = 1- SI. The SI reﬂects
the proportion of bands shared between the individuals and values range from
‘O’ when no bands are shared between RAPD proﬁles of two populations to
‘1’, when no difference are observed, z'.e., all bands are identical. The opposite
holds true for ‘GD’ values.
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3.3.6.6 Analysis of Molecular Variance (AMO VA)
The partitioning of genetic variation among and within populations of G. curmuca
was calculated by hierarchical analysis of molecular variance (AMOVA)
(Excofﬁer er 'al. 1992) at 1000 pennutations. The hierarchical components of
genetic variation include (1) variance due to differences between individuals
within a river; and (2) variance due to differences among populations. The
AMOVA calculations were performed using ARLEQUIN v2.0 (Schneider er al.
2000; http://lgb.unige.ch/arlequin/).
3.3.6.7 Dendrogram
Phylogenetic relationships based on genetic distance values generated from
allozyme data among three populations of Gcurmuca were made and
dendrogram plotted, following unweighted pair group method using
arithmetic averages (UPGMA, Sneath and Sokal, 1973) based on Nei (1978)
modiﬁed from NEIGHBOR procedure of PHYLIP version 3.5c (Felsenstien,
1993) using POPGENE version 1.3l(Yeh er a1., 1999). To test the conﬁdence
level of each branch dendrogram, the data were bootstrapped 1000 times
using WinBoot (Yap and Nelson, 1996). Bootstrap values between 75 and 95
were considered signiﬁcant and above 95 highly signiﬁcant
(Lehmann et al., 2000).
3.3.6.8 Bottleneck
Populations that have experienced a recent reduction of their effective population
size exhibit a correlative reduction of the allele numbers (k) and gene diversity
(He or Hardy — Weinberg heterozygosity) at polymorphic loci. But the allele
numbers are reduced faster than the gene diversity. Thus in a recently
bottlenecked population, the observed/measured gene diversity is higher than the
expected equilibrium gene diversity (Heq), which is computed from the obsewed
number of alleles (k) under the assumption of constant- size (mutation~drif’t
equilibrium) population.
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The programme BOTTLENECK ver 1.2.02 (Comuet and Luikart, 1996) was used
to detect recent effective population size reduction (assess the impact of
population decline) using data from the 14 allozyme. BOTTLENECK detects
past population reductions by testing for a transient (~ 0.2- 4.0; Ne generations)
excess in measured heterozygosity compared with the heterozygosity expected at
mutation-drift equilibrium (He>Heq). This excess in heterozygosity is generated
because rare alleles are quickly lost due to drift during a bottleneck, but they
contribute little to the expected heterozygosity (Luikart and Comuet, 1998). To
determine whether the 3 riverine populations of G. czmnuca exhibited a
signiﬁcant number of loci with gene diversity excess, “Wilcoxon Sign-Rank Test”
was employed in BOTTLENECK. For allozymes loci, data were analysed under
the infinite allele model (IAM). In addition, a qualitative descriptor of the allele
frequency distribution (“mode-shift” indicator) which discriminates bottlenecked
populations from stable populations was also employed to determine the
occurrence of bottleneck.
3.4 Microsatellites analysis
3.4.1 Genomic DNA isolation
Total DNA was extracted from the blood samples following the procedures of
Taggart et al. (1992) and Cenis et al. (1993) with minor modiﬁcations.
I 500[J.L of blood samples (0.25mL stored in 1mL of 95% ethanol) from
each specimen separately was taken in 50mL autoclaved centrifuge tube.
Ethanol was decanted by centrifugation at l0000rpm for l0minutes at 4°C.
I The blood sample was washed by mixing with 1mL of high molar TE
buffer (0.1 MTn's-HCl and 0.04M EDTA).
' The buffer was decanted by centrifugation at 10,000rpm for l0minutes at
40C, and repeated the above two steps once to get clear pellets of blood
cells.
I To lyse the blood cells, 3mL of incubation buffer (given in box) was added
to each tube and incubated at 56°C for 60minutes in a water bath.
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Incubation buffer
Tris-HCl(pH8.3) : l0mM
EDTA (pH8) : l1nM
NaCl : 0.4M(2.337g/l00mL)
Proteinase K(20mg/mL) : l0uL/mL
SDS I 10%.
The sample was taken out from water bath and 21nL of lysis buffer
(l0mM Tris-HCl (pH8.3), lmM EDTA (pH8) and 0.4M (2.337g/l00mL)
NaCl) was added in each tube.
The DNA was puriﬁed by extraction with equal volume of phenol:
chloroform: isoamyl alcohol (25:24:l) and mixed very gently by
repeatedly inverting the tube slowly, to avoid the denaturing of DNA, for
lOminutes (protocol for saturation of phenol was given in box below).
Saturation of Phenol with Tris-HCl (pH8)
If phenol is transparent, added 0.1% (20mg) 8-hydroxy-quinoline (to avoid the
oxidation of phenol) to 200mL of water saturated phenol
Covered the ﬂask containing phenol with aluminium foil to avoid light reaction.
200mL of 0.5M Tris-HCl was added.
Stirred the solution using magnetic stirrer for l5minutes
Kept the solution for 30minutes to allow the phenol to settle.
The supernatant (Tris) was decanted.
200mL of 0.1M Tris-HCl was added.
Repeated the above four steps once.
200mL of 0.1M Tris-HCI was added to phenol
Stored at 4°C
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The sample was then centrifuged at l2,000rpm for 15minutes at 4°C and
aqueous phase was transferred to a fresh autoclaved tube by using 1mL cut
tips. The organic phase containing the denatured proteins and other debris
was discarded.
Equal volume of the aqueous phase and chloroform: isoamyl alcohol
(24:lv/v) mixture was added to the sample, mixed gently and
centrifuged at l2,000rpm for 15minutes at 40C.
The aqueous phase was transferred to a fresh autoclaved tube and
organic phase containing the lipids and carbohydrates were discarded.
Then l/10"‘ volume of 3M sodium acetate (pH5.2) was added to the
separated aqueous phase and the DNA was precipitated with 02.5
volume ofice-cold ethanol.
The tube was then kept at 4°C for overnight in a refrigerator to get the
maximum pellet of DNA.
The precipitated DNA was pelleted by centrifuging at l2,000rpm for
10minutes at 40C and ethanol was decanted and the DNA pellet was
marked in tube.
To wash the DNA pellet 3mL of 70% ethanol was added, and mixed.
The solution was centrifuged at l2,000rpm for 10minutes at 4°C.
Carefully discarded the ethanol and kept the tubes inverted to drain
off remaining ethanol and then the DNA was vacuum dried and
suspended in l00uL TE buffer (10mM: lmM, pH8).
RNA in the sample was degraded by incubating at 37°C for 60minutes
after the addition of 5.0uL of DNAase free RNAase (l0mg/mL­
Genei, Bangalore, India).
The DNA samples were stored at —20OC for further use.
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To analyse yield and quality, the extracted DNA was checked through 0.7%
agarose gel electrophoresis with ethidium bromide incorporated in 1.0X TBE
buffer (90.0mM Tris-borate and 2mM EDTA, pH8).
3.4.2 DNA Quantiﬁcation
The quality and quantity of the extracted DNA was checked in UV
spectrophotometer (Beckman, USA) by taking the optical density (OD) at
260nm and 280nm. The quality was checked by measuring the ratio of
absorbance at 260nm and 280nm (260/280). The value between 1.7 - 1.9
indicates the good quality of DNA without protein contamination. DNA
quantiﬁcation was done according to the following calculation: sample
showing 1.0 OD at 260nm is equivalent to 50|.1g of DNA/mL. The OD of
each DNA sample at 260nm was measured and quantiﬁed accordingly.
3.4.3 Designing of primers for microsatellite sequences
The primers for microsatellite sequences were designed based on their
melting temperature, secondary structure and sequence homology between
the forward and reverse primers through the software Primer3 (Rozen and
Skaletsky, 1998) and the primers custom synthesized for use.
3.4.4 Development of microsatellite markers through cross-species
amplification
Available microsatellite infOI‘lT1E1liOn in the closely related species was
collected from the GenBank (National Centre for Biotechnology Information
— NCBI; www.ncbi.n1m.nih.gov). For cross-species ampliﬁcation of
microsatellite loci, a total of 40 microsatellite primers from Carla catla (1 :
Naish and Skibinkski, 1998); Cyprinus carpio (10 : Crooijmans et al., 1997;
2 I Yue et al., 2004); Barbodes gonionotus (5 I Chenuil et al., 1996);
Campostoma anamalum (9 : Dimsoski et al., 2000); Labeo rohita (6 : Das et
al., 2005) and Pimephales promelas (7 : Bessert er al., 2003) were used
(Table 03).
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Table 03. Microsatellite primers of related species tested
ampliﬁcation in Gonoprokn:>pteru.s" cm'muc.-0
for cr0ss~species
1  0 N0. Of  . GenB_z§nk
S" Donor primer p-lirsNo. s cci s ‘ '
._  7 _p ?_ tcstedm
Locl /
Primer AccessionN0.
Refercn ces
I Ca!/ct cat/(1 I C cat(i I AFO45380 Naish andSkibinski, (I998)
I O
C_1'prinu.s'
<'cu'pi0
2
1\/IF IV 01
.=\/[Fl--V ()2
.'1’lF'!/"I" 09
111 F PV I I
A/IFW 1 5
1\'11L_I>'V 1 7
./VIFIV I 9
AIIFI4-’ .70
.-MFPV 24
9/yzfw 26
(frooijmans er 0/. ,
( 1997)
2 CCu 72 *"
C'(?('t80
AY 169249
4x/169250
Yue er aI., (2004)
BarlJ0de.s'3  5
g0m0!mlu.s"
Bgon 2.?
Bgrm 6'9
Bgon 75
Bgrm 79
Bgon I7
Chenuil er 0/.,
(1999)
‘.
4 Campos roma 9
ummw/um
Ca ()3
Ca 05
Ca 06CG
C2110
Ca 11
Cu 12
Ca 16
Ca 17
/\F27757S
AF277577
AF2 77578
AF27758O
AF277582
AF277583
AF277584
AF2775S8
AF277589
DimSOSki er a/.,
(2000)
5 Labeo /-'0/?i1‘c? 6
R01
R02
R03
R05
R06
R 12
/-\J5075l8
AJ507519
A.l50752O
AJ50752l
A.I507522
AJ507524
Das el c/1., (2005)
6 Pimepha/es 7
pr0mela.s'
Ppro 048
Ppro 080
Ppro I I8
Ppro 126
Pp/'0 132
Pp/"0 168
Ppro I 7 I
AY254350
AY25435l
AY2543 52
AY254353
AY254354
AY2S43S5
AY254356
Bessert er a/.,
(2003)
Total tested n 40 0
‘Primer sequence of CCa72 given by Yue er al. (2004) was modiﬁed using PRIMER3
and renamed as MF W72 in the present study.
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3.4.5 PCR ampliﬁcation
PCR reactions were carried out in a PTC 200 gradient thermal cycler (M.J.
Research, lnc., Watertown, Massachusetts, USA) employing the microsatellite
primers (Table 04). Ampliﬁcations were performed in 25uL reaction mixture
containing IX reaction buffer (l0mM Tris, 50mM KCl, 0.01% gelatin, pH9.0)
with l.51nM MgCl; (Genei, Bangalore, India), Spmoles of each primer, 200mM
dNTPs, 2U Taq DNA polymerase (Genei, Bangalore, India) and 25-50ng of
template DNA. The volume of reaction mixture is given in box below.
PCR reaction mixture Volume per reaction
Double distilled water 18.3 uL
Assay buffer (1 OX) 02.5uLdNTPs 02.0uL
Primers (forward and reverse) O0.5uL
Taq polymerase (Genei, Bangalore) 00.7uL
Template DNA 01.0|.LL
Total volume 25.0},LL
To check DNA contamination, a reaction set up omitting the DNA from the
reaction mixture (negative control). The reaction mixture was pre-heated at 940C
for Sminutes followed by 25cycles (940C for 30seconds, annealing temperature
depending upon the Tm value of primer (usually 500C - 60°C) and 72°C for
lminute).
The optimum amiealing temperature to get scorable band pattern was determined
through experimental standardization for each primer pair and it was calculated
using the following formula, Tm = {2 (A+T) + 4 (G+C)}, where Tm = melting
temperature of the primer; A, T, G and C are the number of bases in the primer.
The Tm values of both forward and reverse primers were calculated separately and
the annealing temperature (Ta) for a primer combination was ﬁxed 3-SOC below
the lowest Tm value obtained for the forward/reverse primer in that combination
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(Table 04). The reaction was then subjected to a ﬁnal extension at 72°C for
Zminutes. The ampliﬁed product was checked in 10% polyacrylamide gel
electrophoresis (PAGE).
3.4.6 Polyacrylamide gel electrophoresis (PAGE)
The PCR products were electrophoretically analyzed through 10% non­
denaturing polyacrylamide (l9:l aorylamide and bisacrylamide) gel. The molten
agarose (1%) was poured between glass and alumina plate with glass syringe and
needle for approximately l.0cm height at the bottom for sealing the unit. Aﬁer
solidiﬁcation of agarose, the polyacrylamide (10%) was poured in the order given
below and comb was inserted in between the plates to make wells in the gel.
Acrylamide (l9:1) : 5mL
Double distilled water : 2mL5 X TBE : 2mL
10% (Ammonium persulphate) ; 7Op,LTEMED ; 3_5l_1L
Aﬁer the gel had polymerized, the comb was removed without distorting the
shapes of the wells. The IX TBE buffer was poured in upper and lower chambers.
The PCR ampliﬁed samples (8pL) were loaded with 2pL of bromophenol blue
(BPB) into the wells using micropipette; and run with 1X TBE buffer (pH8) for
4hours at constant voltage of 10V/cm, at 4°C in a cold chamber.
3.4.7 Visualization of microsatellite products
The ampliﬁed microsatellite loci were visualized through silver staining of the
polyacrylamide gel. The gels were ﬁxed in 50mL of ﬁxing solution (diluted ﬁve
times with 30.4mL double distilled water and 9.6mL ethanol) for 30minutes and
silver-impregnated (with 1X staining solution) for another 30minutes. This was
followed by washing the gels in double distilled water for Zminutes, after
removing the staining solution. The gels were then kept in the 1X developing
solution in darkness for 10minutes. When the bands were dark enough, the
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developing solution was poured out and the stopping and preserving solution (IX)
was immediately added. The composition of silver staining solutions is given in
box below.
Item Composition
Fixing solution, 5X Benzene sulphonic acid; 3.0% w/v in
24% v/v ethanol
Staining solution, 5X Silver nitrate; 1.0% w/v Benzene
sulphonic acid; 0.35% w/v.
Tl)eveloping solution, 5 X TWTM
Sodium carbonate solution, 5X Sodium carbonate; 12.5% w/v.
Fonnaldehyde; 37% Formaldehyde; 37% w/v in water
Sodium thiosulphate; 2% Sodium thiosulphate; 2% w/v in water
(Stopping and Preserving solution, 5X Acetic acid; 5% v/v
Sodium acetate; 25% w/v
Glycerol; 50% v/v
3.4.8 Calculation of the molecular weights of the bands
Molecular weights of the bands were calculated in reference to the molecular
weight markers with the software Image Master ID Elite. The alleles were
designated according to PCR product size relative to molecular marker (pBR322
DNA/Mspl digest).
3.4.9 Final selection of microsatellite primer pairs
The cross-species ampliﬁcation trails were done with eight specimens of G.
curmuca and of the 40 primer pairs tested (Table 03), 34 (85%) provided
successful ampliﬁcation of homologous loci in G. curmuca. These primers were
again analysed with larger sample size (30 individuals from 2 rivers) to evaluate
their suitability (polymorphic pattem) in quantification of genetic divergence in G.
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curmuca. Several loci were monomorphic, few produced multiple products but 8
loci (Table 04) gave clear scorable products with 3-7 alleles per locus. These
eight loci were ﬁnally analysed to conﬁrm the occurrence of repeats through
cloning and sequencing.
Table 04. The sequence, concentration and the annealing temperature of selected
microsatellite primers
Primers
5 Locus
1 ; / SequenceNo. l / 1 R 5, 3,
Ta for
4 Conc. l each
(nmol) primer
(icy
"11
q GTCEIAQACTGTCATCAGGAG 49.0l MFW01 }
4 i GAGGTGTACACTGAGTCACGC 48.7
59
2 MFWI1 5
‘T175
GCATITGCCTFGATGGTFGTG 59.1
7°
‘ TCGTHCTQCJTITAGAGTGCTGC 54.6
58
3  MFW19
'1']
GAATCCTCCATCATGCAAAC |I 43.5
7°
CAAACTCCACATTGTGCC 40.8
51
"I1
CCCTGAGATAGAAACCACTG 56.34 l MFW26
77
CAQCATQCTTEGATGCAAAAG ‘ill 69.4
57
5 MFW72 *
"11
GCAGTGTGCTT it ta AAGTFAAT 57.5
W
r GCACTACATCCACTGCACACA
_f_
..J 44.4
55
‘Tl
i AGCAGGTTGATCATTTCTCC6 CcatG1-1 t E *5:-=~-*
l
55.8
79
l TGCTGTGTTTCAAATGTTCC 48.6
51
_ l TGcTcTG6TcTccTocGToTcAT.r  74.27 Ppro-48
F0"?!
c/aoccrcooccergorrorroc 53.3 51l
I--'~——~ —-'—:
‘T1
HQTGCGTGTCTGATAACTGTGACTG 56-08 Ppr0126
7°
GTCCCGGGA( I l ‘I I AAGAAGGTC
.,-__
i
. 40;
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3.4.10 Conﬁrmation of microsatellite by cloning and sequencing
The cross-ampliﬁed polymorphic microsatellite loci (Table 04) were analysed by
cloning them in TOPO vector (Invitrogen, Carlsbad, USA) and sequencing to
conﬁrm the occurrence of repeats. The band of the target sequence with particular
primer (forward and reverse) was ampliﬁed using PCR protocol as given in
section 3.4.5. The samples were electrophoresed in PAGE (section 3.4.6) to check
the concentration of DNA.
64
CM
3.4.11 Elution of ampliﬁed products from agarose gel
The PCR product of microsatellite loci was eluted from the agarose gel by the
following method:
a. The samples (2O|1L) were quick spinned with 3p.L bromophenol blue dye.
b. They were mn in 2% agarose gels and the DNA bands were cut out from
the lane after viewing the gel over long wavelength UV light quickly so as
to avoid nicks.
c. The gel slices were taken in a l.51nL micro-centrifuge tube and lmL Tris­
saturated phenol was added.
d. The sample was kept at -80°C for over night. The frozen samples were
centrifuged at 10,000rpm for 20minutes at 4°C.
e. The supernatant was transferred to a fresh tube and DNA precipitated by
adding 2.5volume of ethanol and 1/10 times 3M sodium acetate (pH5.2).
f. The pooled sample was kept in —20°C for over night and centrifuged at
l0,000rpm at 4°C for 20minutes.
g. Ethanol was decanted; the DNA pellet was washed with 0.51nL of 70%
ethanol and centrifuged at 10,000rpm at 4°C for 20minutes.
h. Discarded the ethanol and the DNA was vacuum dried and suspended in
l5p.L double distilled water.
i. For checking the concentration, DNA samples were nin (4uL) in 2%
agarose gel.
3.4.12 Construction of recombinant plasmid
TOPO (Invitrogen, Carlsbad, USA) vector was used for constructing the recombinant
DNA. T aq polymerase has a non template-dependent terminal transferase activity that
adds a single deoxyadenosine (A) to the 3‘ ends of PCR products. The linearized
vector supplied in this kit has single, overhanging 3' deoxythymidine (T) residues.
This allows PCR inserts to li gate efﬁciently with the vector.
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Topoisomerase I from Vaccinia virus binds to duplex DNA at speciﬁc sites and
cleaves the phosphodiester backbone after 5'-CCCTT in one strand (Shuman,
1991). The energy from the broken phosphodiester backbone is conserved by
formation of a covalent bond between the 3'phosphate of the cleaved strand and a
tyrosyl residue (Tyr-274) of topoisomerase I. The phospho-tyrosyl bond between
the DNA and enzyme can subsequently be attacked by the 5' hydroxyl of the
original cleaved strand, reversing the reaction and releasing topoisomerase
(Shuman, 1994).
3.4.13 Competent cell preparation
Competent cell preparation was done as follows by using E. coli strain DH50z:
a. From a glycerol stock, the E. coli strain was streak plated to LB agar media.
b. Single colony from the plate was picked and cultured in 3mL LB ovemight
at 370C in an environmental shaker (New Brunswick Scientiﬁc, USA).
c. Next day, 2% of the overnight grown cultures (l00uL) were
inoculated to 5mL LB and grown for 3-4hours (till the OD reaches
0.3-0.5).
d. The cultures were then kept in crushed ice and distributed lmL each
to 1.5mL micro-centrifuge tubes.
e. The cells were harvested by spinning at 5000rpm for 3minutes at 4°C.
f. After discarding the supernatant, the tubes were kept in ice and 200|.lL
0.1M freshly prepared CaCl; was added with a pre-cooled pipette tip.
The cells were kept suspended in 0.1M CaCl2 for 20minutes on ice.
g. The tubes were then spun at 50001pm for 3minutes at 4°C and the
supernatant was discarded.
h. The cells were re-suspended in 200|.1L 0.1M ice-cold CaCl2 and either
quickly frozen to -70°C for storage or kept in ice for immediate use.
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(as in section 3.4.5). The PCR products from blue and white colonies were
analysed in 2% agarose gels.
3.4.17 Sequencing of microsatellite loci
The recombinant plasmids were isolated in large scale by alkaline lysis method
(section 3.4.13) and were further puriﬁed through PEG precipitation for
sequencing purpose. To 32|.1L of plasmid DNA, 8uL of 4M NaCl and 4OuL of
13% PEG3000 were added. After thorough mixing, the sample was incubated on ice
for 20minutes and the precipitated plasmid DNA was pelleted by centrifugation at
l0,000rpm for lOminutes at 4°C. Then the supernatant was discarded and the
pellet was rinsed with 70% ethanol. Pellet was air dried and re-suspended in 20uL
of sterile double distilled water and stored at -20°C.
The sequencing was done using forward and reverse sequencing primers with the
automated DNA sequencer ABI 3730 (Applied Biosystems, USA) according to
manufacturers instructions at the Department of Biotechnology, University of
Delhi, South Campus, New Delhi, India
3.4.18 Population structure analysis
After sequencing, the eight polymorphic microsatellite loci (Table 19) were
selected for further population studies in Gonoproktopterus curmuca. PCR
reactions, PAGE and visualization were carried out as given in section 3.4.5; 6; 7.
3.4.18.1 Scoring of alleles
The gels having zymogram pattern of the microsatellite loci obtained following
the electrophoresis and silver staining procedures (described on sections 3.4.6 and
3.4.7) were gel documented using Image Master VDS gel documentation system.
The slowest moving zone was marked as locus 1 and the faster one as locus 2.
The zone having bands with different electrophoretic mobilities was counted as
polymorphic (more than one allele) and the one without as monomorphic loci
(single allele). Since, microsatellite bands are co-dominant allelic products
(genotypes), a single banded genotype was counted as a homozygote formed of
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homozygous alleles where as a two or more banded genotype was as
heterozygote, formed of two heterozygous alleles at the locus. The number of
different genotypes observed at each locus was counted in each sample. The
molecular weight of the bands was calculated by using Image Master lD Elite
software (Pharmacia Biotech, USA) in relation to the molecular marker pBR322
with Mspl digest.
3.4.18.2 Analysis Qf Data
In the analysis of microsatellites, parameters tested were as in the case of co­
dominant allozymes and the softwares used were also same (pages 52 to 56).
The parameters estimated include number of alleles, allelic frequencies,
percentage of polymorphic loci, observed and expected heterozygosity,
linkage disequilibrium, conformity of allele frequencies to that expected
under Hardy- Weinberg equilibrium and estimates of population
differentiation including F-statistics and gene ﬂow, Genetic similarity and
distance, plotting dendrogram, Analysis of Molecular Variance (AMOVA)
and genetic bottleneck analysis using open source softwares such as
GENEPOP version 3.1 (Raymond and Rousset, 1998), GENETIX version 4.0
(Belkhir et al., 1997), POPGENE version 1.31 (Yeh er al., 1999),
ARLEQUIN v2.0 (Schneider et al. 2000) and BOTTLENECK ver 1.2.02
(Cornuet and Luikart, 1996) respectively. As most of the microsatellites
follow step-wise mutation model (SMM), the microsatellites were mainly
analyzed under the more suitable two-phased model (TPM), in addition to
IAM. Compared to allozymes, microsatellites provide additional information
ie. difference in number of repeats (variances of allele sizes) that will be
helpful in measuring population sub-division. As PST takes care of only
allelic frequency and does not make use of allele size differences. Hence, in
addition to PST, the population differentiation was also estimated based on
allele sizes of microsatellites using Slatkin’s (1995) pair-wise and overall
RST, assuming a step wise mutation model (SMM) using the software
GENEPOP version 3.1 (Raymond and Rousset, 1998).
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A null allele concerning molecular markers refers to such a marker in the case it
can no longer be detected because of a mutation of annealing site, e.g., in
microsatellites (in which the repeat is rather short). To do ampliﬁcation, a primer
or oligonucleotide aligns with either of ends of the locus, if a mutation occurs in
the annealing site, then the marker can no longer be used and the allele is turned
into a null allele. Occurrence of null alleles results in false homozygotes leading
to genotyping errors and heterozygotes deﬁciency that can cause deviations from
Hardy-Weinberg Equilibrium (HWE). This can mimic the true causative factors
0f Hardy-Weinberg Disequilibrium (inbreeding, assortative mating or Wahlund
effect) and potentially bias population genetic analysis. The expected frequency
of null alleles was calculated according to Van Oosterhout er al. (2004, 2006)
using MICRO-CHECKER (available from http://www.microchecker.hull.ac.uk/.)
and all the genotypes of the loci with known inbreeding coefficient or ﬁxation
indices (F13) were tested for null alleles and thereafter analyzed for population
differentiation.
3.5 Random Ampliﬁed Polymorphic DNA (RAPD) analysis
3.5.1 Screening of RAPD primers
Eighty decamer primers (20 from each series OPA, OPAA, OPAC and OPAH)
(Operon Technologies, Alameda, USA) were used for screening
Gonoproktopterus curmuca samples. Thirty one primers out of 80 produced
amplicons and they were selected for primary screening, however only 9
primers vz'z., OPA-15, OPA-16, OPAA-07 OPAA-08, OPAC-05, OPAC-06,
OPAH-03, OPAH-17 and OPAH-19 were selected for population genetic
analysis taking into consideration of the repeatability, sharpness and intensity
of the bands. In Table 05, the sequences, molecular weights and concentration
of the primers are given.
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Table 05. Selected primers with concentration and molecular weight, used in
RAPD analysis in Gonoprokropterus curmuca (the primers asterisked
are selected for population analysis)
4.
A\
2 2Q 0
Primer Sequences (5’-3’) M.W Cone.(dalton) (P1110168/1.1L)
v—~a—-u-o|_au-no—~r—~n—~|—~|-~\QQo-\]Q\L,r|.pLp[\):"-'\ooo\1o~u\4>u>r\>»-_o'
U
I
I
O
O
I
I
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20.
OPA 05
OPA 09
OPA 10
OPA 15*
OPA 16*
OPA 17
OPA 19
OPAA 07*
OPAA 08*
OPAA 11
OPAA 12
OPAA 14
OPAC 02
OPAC 05*
OPAC 06*
OPAC 07
OPAC 10
OPAC 14
OPAC 15
OPAC 20
OPAH 01
OPAH 03*
OPAH 04
OPAH 06
OPAH 08
OPAH 09
OPAH 11
OPAH 14
OPAH 16
OPAH 17*
OPAH 19*
AGGGGTCTK}
GGGTAACGCC
GTGATCGCAG
TTCCGAACCC
AGCCAGCGAA
GACCGCTTGT
CAAACGTCGG
CTACGCTCAC
TCCGCAGTAG
ACCCGACCTG
GGACCTCTTG
AACGGGCCAA
GTCGTCGTCT
GTTAGTGCGG
CCAGAACGGA
GTGGCCGATG
AGCAGCGAGG
GTCGGTTGTC
TGCCGTGAGA
ACGGAAGTGG
TCCGCAACCA
GGTTACTGCC
CTCCCCAGAC
GTAAGCCCCT
TTCCCGTGCC
AGAACCGAGG
TCCGCTGAGA
TGTGGCCGAA
CAAGGTGGGT
CAGTGGGGAG
GGCAGTTCTC
3090
3044
3059
2939
3037
3010
3028
2939
3019
2964
3010
3037
3001
3090
3037
3075
3093
3041
3059
3108
2948
3010
2924
2979
2946
3077
3019
3059
3099
3124
3010
5.194
5.160
5.090
5.785
4.712
5.656
4.990
5.785
5.302
5.616
5.656
4.712
6.059
5.192
4.710
5.265
4.683
5.783
5.088
4.625
5.413
5.654
5.874
5.531
6.473
4.542
5.300
5.088
4.892
4.771
5.654
Fiaptsr
3.5.2 PCR ampliﬁcation
RAPD-PCR reactions were carried out in a PTC 200 gradient thermal cycler (M.J.
research, Inc., Watertown, Massachusetts, USA) employing the RAPD primers
described in Table 05. PCR ampliﬁcations were performed in 25uL reactions
containing 1X reaction buffer (l001nM Tris, 500mM KCI, 0.1% gelatin, pH9)
with l.5mM MgCl2 (Genei, Bangalore, India), 6-8 pmoles of primer, 200 mM
dNTPs, 2U T aq DNA polymerase (Genei, Bangalore, India) and 25ng of template
DNA. To check DNA contamination, a negative control was made omitting
template DNA from the reaction mixture. The reaction mixture was pre-heated at
95°C for 3minutes followed by 40 cycles (94OC for 3minutes, 40°C for
1.30minutes and 72°C for 2minutes). The reaction was then subjected to a ﬁnal
extension at 720C for lOminutes. The composition of PCR reaction mixture is
given in box below.
PCR reaction Mixture Volume per reaction
Double distilled water l7.3pL
Assay buffer (IOX; Genei, Bangalore, India) 2.5uL
dNTPs (Genei, Bangalore, India) 2.0uL
Primer (Operon Technologies, USA) 1.5 |.tL
T aq polymerase (Genei, Bangalore, India) 0.7uLTemplate DNA 1.0uL
Total volume 25.0|.LL
3.5.3 Agarose electrophoresis and visualization of bands
The resulting products were electrophoretically analyzed through 1.5% agarose
gels stained with ethidium bromide (Sug/mL) in lX TBE buffer (pH8). The gels
were visualized under UV transilluminator and documented using Image Master
VDS (Pharmacia Biotech, USA).
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3.5.4 Analysis of Data
3.5.4.1 Scoring of bands
Images of gels were used to analyze the banding patterns. A binary matrix was
produced whereby the presence or absence of each DNA fragment for each sample
was recorded l or O, respectively. Faint or poorly ampliﬁed ﬁagments were excluded
from the analysis as were fragments with very high (above 6500bp) or low (below
800bp) molecular weight. The analysis was based on few assumptions. First, all
RAPD fragments scored represented 2-allele system, z'.e., presence (dominant) and
absence (recessive) of bands. Second, fragments that migrated at the same position,
had the same molecular weight, and stained with the same intensity were homologous
bands ﬁom the same allele, and the alleles from different loci did not co-migrate. A
third assumption was that the populations ﬁt the Hardy-Weinberg equilibrium, p2 +
Zpq + qz = l, with frequencies p (dominant or band present) and q (recessive or band
absent) (Clark and Lanigan, 1993; Lynch and Milligan, 1994). From the binary
matrix, the total number of RAPD fragments and polymorphic ones were calculated
for each primer and for all primers. The molecular weights of the bands were
calculated by using Image Master 1D Elite software (Pharmacia Biotech, USA) in
relation to the molecular marker 7tDNA with EcoRI / Hindlll double digest applied
along with the samples.
3.4.5.2 Allele frequencies and polymorphic loci
Genetic variability in three populations of Gonoproktopterus curmuca was
estimated from the gene (allele) frequencies, percentage of polymorphic loci
(%P). The %P values were calculated using the criterion for polymorphism, of
which the frequency of the most common allele was £0.95. RAPD allele
frequencies were calculated taking into account the above assumptions using
POPGENE version 1.31 (Yeh et al., 1999).
3.5.4.3 Average gene diversity (H)
Average gene diversity index (Nei, 1987; Khoo er al., 2002) is a measurement of
genetic variation for randomly mating populations and is analogous to average
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heterozygosity (H). It was calculated using the POPGENE version 1.31 (Yeh et
al., 1999).
3.5.4.4 Genetic differentiation (G51) .
The value of coefficient of genetic differentiation (Ggy) for overall population was
calculated using POPGENE version 1.31 (Yeh er ai., 1999).
3.5.4.5 Genetic similarity and distance
Genetic similarity/identity and distance between pairs of populations oi
Gonoproktopterus curmuca were estimated using POPGENE Version 1.31 (Yeh
et ai., 1999). Nei and Li's (1979) pair-wise genetic similarity (SI) among red­
tailed barb specimens were computed and converted by POPGENE into genetic
distance (GD) according to Hillis and Moritz’s (1990) formula, GD = 1- SI. The
SI reﬂects the proportion of bands shared between the individuals and values
range ﬁom 0 when no bands are shared between RAPD proﬁles of two
populations to 1, when no difference observed, i.e., all bands are identical. The
opposite holds true for ‘GD’ values.
3.5.4.6 Dendrogram
Cluster analysis was performed and dendrogram plotted based on RAPD data
among three populations of Gonoproktopterus curmuca, following unweighted
pair group method using arithmetic averages (UPGMA; Nei, 1978) modiﬁed from
NEIGHBOR procedure of Phylip version 3.50 (Felsenstien, 1993) using
POPGENE Version 1.31 (Yeh er al. 1999). To test the conﬁdence level of each
branch of UPGMA based dendrogram, the binary data matrix was bootstrapped
1000 times, using WinBoot (Yap and Nelson, 1996). Bootstrap values between 75
and 95 were considered signiﬁcant and above 95 highly signiﬁcant (Lehmann et
al., 2000).
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4.1 Allozyme analysis
4.1.1 Selection of allozymes
The allozyme analysis was conducted to detect 25 enzymes, but only l4 showed
their presence with scorable activity (Enzyme Commission numbers and
abbreviations are given in Table 02. Out of these fourteen enzymes, 12 enzymes
were polymorphic and 2 enzymes were monomorphic. The polymorphic enzymes
were'Aspartate amino transferase (AAT), Creatine kinase (CK); Esterase (EST),
Glucose-6-phosphate dehydrogenase (G(,PDH), Glucose phosphate isomerase
(GPI), ocGlycerophosphate dehydrogenase (aG3PDH), Lactate dehydrogenase
(LDH), Malate dehydrogenase (MDH), Phosphogluconate dehydrogenase
(6PGDH), Phosphoglucomutase (PGM), Superoxide dismutase (SOD) and
Xanthine dehydrogenase (XDH). The monomorphic enzymes were
Glyceraldehyde-3—phosphate dehydrogenase (GAPDH) and Malic enzyme (ME)
(Table 07).
The fourteen enzymes yielded 29 scorable loci in all populations. EST exhibited
maximum number of loci i.e., 7 (EST-I *, EST-2*, EST-3 *, ES T-4 *, ES T-5 *, EST­
6* and ES T-7*); three loci were present in LDH (LDH-1*, LDH-2 *and LDH-3 *)
and two loci each were present in AAT (A/IT-1* and A/IT—2*), CK (CK-1* and
CK-2*), GPI (GPI-1* and GP!-2*) ,otG3PDl~l (aG,~PDH-1* and aG3PDH-2*)
MDH (MDH-1* and MDH-2 *), PGM (PGM-1* and PGM-2 *), SOD (SOD-1* and
SOD-2 *) and all other enzymes (GGPDH, GAPDH, ME, 6PGDH and XDH) had
only single locus each. A detailed description of the polymorphic and
monomorphic enzymes are given in Table 07 and the distribution of genotypes
are given in Table 08. Scorable activity of the following enzymes could not be
detected in Gonoproktopterus curmuca." Acid phosphatase (ACP), Adenylate
kinase (AK), Alcohol dehydrogenase (ADH), Alkaline phosphate (ALP),
Fumarase (FUM), Glutamate dehydrogenase (GDH), Glucose dehydrogenase
(GLDH), Hexokinase (HK), Isocitrate dehydrogenase (ICDH), Octanol
dehydrogenase (ODH) and Pyruvate kinase (PK).
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4.1.2 Polymorphic Enzymes
4.1.2.1 Aspartate Amino T ransjferase (AA T. 2. 6. 1. 1)
Aspartate amino transferase is dimeric (quaternary structure) in vertebrates. The
banding pattern of aspartate amino transferase patterns of G.curmuca are shown in
Figure 04. The banding patterns showed two different zones (a fast moving zone
and slow moving zone) of enzyme activity, which were presumed to be under the
control of two independent loci. They were designated as AA T-1 * and AA T-2*
according to their order of increasing mobility differences. The ﬁrst locus (slow
moving) was monomorphic and had only a single allele. The second locus (fast
moving) was polymorphic and had three alleles A, B and C and exhibited the
typical 3 banded dimeric heterozygous pattern.
4.1.2.2 Creatine kinase (CK. 2. 7.3.2)
Creatine kinase is mostly dirneric in quaternary structure. The banding pattern of
creatine kinase of G. curmuca is shown in Figure 05. lt showed 2 differ'e1irt zones of
enzyme activity, which were presumed to be under the control of2 independent loci.
They were designated as CK-1* and CK-2* according to their order of increasing
mobility differences. CK-1* had two allele (A and B) and heterozygous condition was
also recorded in some individuals and CK-2 * had one allele (A) in all the populations.
4.1.2.3 Esterase (EST. 3.1.1.-)
Esterase enzymes are mostly monomeric in quaternary structure except the dimeric
Esterase-D. The banding pattern of esterase enzyme system of G. curmuca is shown in
Figure 06. It showed seven different zones of enzyme activity, which were presumed
to be under the control of seven independent loci. They were designated as ES T-1 *,
\
Q
EST -2*, EST -3 *, EST-4*, EST-5*, EST-6* and EST-7* according to their order of
increasing mobility differences. EST-1* and EST -4* had two alleles each; and
heterozygous condition was also recorded in some individuals in these loci. EST -2 *,
EST -3 *, ES T-5 *, EST-6 * and EST -7 * exhibited only one allele in all the populations.
4.1.2.4 a-Glycerophqsphate Dehydrogenase (aG3PDH-1.1.1. 8)
or-Glycerophosphate dehydrogenase or orGlycerol-3-phosphate dehydrogenase was
tested in all the stocks, two loci were found to be responsible for the enzyme activity
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(Figure 08). The occurrence of the two different genotypes (G3PD1~1-2 */IA and
'G3PDH-2*AB) and their band positions suggested that this G3PDH-2* locus had two
alleles, A and B. But G3PDH-1 * locus had only one allele or monomorphic.
4.1.2.5 Glucose-6-Phosphate Dehydrogenase (G6PDH. 1.1.1.49)
Glucose-6-phosphate dehydrogenase is a dimeric and has been one of the most
thoroughly studied allozymes (Figure 09). lt has been of particular interest to
geneticists because; it is controlled by a gene located on the X-chromosome in man
(Richardson er al., 1986) and some other group of animals. G(,PDH is found in various
tissues but the maximum activity is observed in liver (Richardson ez‘ a1., 1986).
In G. curmuca, the pattern of G<,PDH did not exhibit sex—linked inheritance. Both male
and female specimens from all three rivers exhibited both homozygotes (AA and BB)
and heterozygotes (AB). A sex-wise breakup of G6PDl-l genotypes is given in Table 06.
During the present investigation, liver extracts showed the presence of a single
polymorphic locus of G6PDH* having two alleles A and B (Rf values 100 and 120) and
it showed three types of genotypes vz'z., slow homozygotes (G6PDH* AA),
heterozygotes (G6PDH* AB) and fast homozygotes (G6PDH* BB).
Table 06. Distribution of dimeric G6PDH genotypes in male and "female
G. curmuca from different river systemsI, g_-W   . g  H - . . .__..~~(*1.   Sm y  .No;7of.ignigliv.iduals“ g  p g\..;2.;'..;_;: 3-  ' : ._ :...: .  _. __ 2 . I. .. . . _ _ _
(A1l@l@S& Rf P§§f;'.' C ‘1{;‘l‘§§.""y CR1,‘Zf'
" F1  MaleW_fFemalei. ~Male_l<‘e1nalei iMaleb;li‘emale.AA (100/lOO) 27 16 l8 O5 l0 07
G6PDH AB (100/120) 04 16 05 07 06 06
BB (120/120) 04 O3 23 l2 26 l5
4.1.2|.6 Glucose Phosphate Isomerase ( GPI-5. 3.1.9)
The spacing of the bands of this dimeric enzyme had suggested occurrence of two
loci in G. curmuca (Figure 10). Agar overlay (2%) was used to prevent leaching
out of end-products from the gel during staining. The locus GP]-1 * exhibited one
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allele (A) and GP1-2* exhibited two alleles (A and B) and presumed to be under
the control of two independent loci.
4.1.2.7 Lactate Dehydrogenase (LDH-1.1.1.27)
Lactate dehydrogenase is tetrameric in structure in vertebrates with 5 bands in
heterozygous individuals. The banding patterns of LDH enzyme syst.em of G.
curmuca are shown in Figure 11. The banding patterns showed three different
zones (a fast moving zone, transient Zone and slow moving zone) of enzyme
activity, which were presumed to be under the control of three independent loci.
They were designated as LDH-1*, LDH-2 and LDH-3 * according to their order of
increasing mobility. The ﬁrst locus (slow moving) and third locus (fast moving)
were monomorphic and this locus exhibited only one genotype LDH-1*AA and
LDH-3 *AA respectively . The second locus - LDH-2* - (transient moving zone)
had three types of alleles A, B and C.
4.1.2.8 Malate Dehydrogenase (MDH-1. 1.1.3 7)
Malate dehydrogenase is a dimeric allozyme. During the present study, liver
extracts showed the presence of two loci of MDH. The Locus MDH-1* is
monomorphic and had only one allele A. The MDH-2* locus stained intensely
exhibiting polymorphic pattern (Figure 12) with two alleles A and B in G.
curmuca showing three types of genotypes vz'z., fast homozygotes (MDH-2* AA),
heterozygotes (MDH-2 * A B) and slow homozygotes (MDH-2 * BB).
4.1.2.9 Phosph ogluconate deltydrogenase (6PGDH-1.1.1.44)
The spacing of the bands of this dimeric enzyme had suggested that only one
locus in G. curmuca (Figure 14). The locus 6PGDH* exhibited two alleles A and
B and produced 3 genotypes viz, 6PGDH*AA_. 6PGDH*AB and 6PGDH*BB.
4.1.2.10 Phosphoglucomutase (PGM-5.4. 2.2)
Phosphoglucomutase is monomeric in vertebrates and two zones/loci of enzyme
activity were recorded in all the 3 populations of G. curmuca (Figure 15). Agar
overlay was used in the staining protocol to avoid leaching out of end. products.
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Both the loci were polymorphic in nature with two alleles, A and A’ (locus 2 ­
lower) and B and B’ (locus 1 — upper). The pattern of homozygotes and
heterbzygotes of both the loci are depicted in Figure 15.
4.1.2.11 S uperoxide Dismutase (SOD-1.15.1.1)
Superoxide dismutase enzyme is a cuprozoic protein with a molecular weight of
52,000 and is a dimer, composed of two identical sub-units (Richardson er al., I986).
‘Two zones of enzyme activity are shown in Figure 16. The SOD-1* had only one
type of allele-A while S OD-2 * was polymorphic with two type of alleles-A (slow) and
B (fast). The genotypes of SOD* were represented by two homozygotes, SOD-2 */1A
and SOD-2 *BB and a 3 banded heterozygote SOD-2 */1B.
4.1.2.12 Xrmthine Dehydrogenase (XDH-1.1.1.204)
The banding pattern of the dimeric xanthine dehydrogenase in G. curmuca
Shown in Figure 17. From the banding pattern, it was inl’erred that XDH is
controlled by only one polymorphic locus that was designated as .XDH*.
This locus was represented by two types of alleles-A and B that exhibited
three types of genotypes; two homozygotes and a heterozygote viz, XDH*/IA.
XDH*BB and XDH*AB respectively.
4.1.3 Monomorphic enzymes
4.1.3.1 Glyceraldehyde-3-Pl: osphate delzydrogenase (GA PDH-I . 2. I . I2)
Glyceraldehyde-3-Phosphate dehydrogenase is tetrameric in structure in
vertebrates. The banding patterns of GAPDH enzyme in G. curmuca are shown
in Figure 07. The banding pattern showed only one zone/locus. The
monomorphic zone/locus is designated as GAPD1-1* that exhibited only one
allele-A in all the populations.
4.1.3.2 Malic Enzyme (ME-1.1. 1.40)
Malic enzyme is tetrameric in structure. ME was tested in all the stocks (Periyar
River, Chalakkudy River and Clialiyar River) of G. curmuca and an intensely staining
single locus was found to be responsible for the enzyme activity (Figure 13). This
locus was monomorphic in all the populations.
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Table 07. The names of enzyme loci, number of loci and observed alleles for allozyme
analysis in G0110pr0k10p1‘erus curmuca. The enzymes mark ‘ns’ did not yield
any scorable activity.
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Table 08. The distribution of allozymc genotypes and l|1c:i1' R; values in G. ¢:urm1.1c-(1
from lhrcc rivcrinc systems.
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4.1.4 Genetic Variability
The allele frequencies of multiple collections of the same river (three years­
details in Table 01) were tested for signiﬁcant homogeneity using ‘GENEPOP’.
The genotype data from different collection sets exhibited allelic homogeneity and
hence they were pooled. This yielded three combined data sets vz'z., Periyar,
Chalakkudy and Chaliyar and these were used for analysis of parameters of
genetic variation and population structure of G. curmuca.
4.1.5 Number and percentage of polymorphic loci
Altogether, 14 polymorphic loci were obtained with 12 polymorphic allozymes
(Table 08) across 3 populations (total number of allozymes including the
monomorphic ones was 14 and total number of loci 29). In all the three
populations, all the 14 loci were variable. The percentage of polymorphic loci for
over all population was 48.28%.
4.1.6 Observed and effective number of alleles
The observed number of alleles ranged from 2 to 3 per locus in 14 loci of 14
allozymes among all the three populations studied. The highest numbers of alleles
were found in Aspartate Amino Transferase (AAT-2*) and Glucose phosphate
isomerase (GP1-2*), which had three alleles in all the populations. Rest of the
polymorphic allozyines were with two alleles each. The LDH-2* locus in
Chaliyar River exhibited three alleles, in contrast to two alleles each in Periyar
and Chalakkudy populations. The highest mean observed number of alleles (na)
was in Chaliyar River population (1.6538) and whereas the mean observed
number of alleles (na) for other two populations was 1.6154 (Table 09). The
highest mean effective number of alleles (ne) was observed in Chaliyar (15347).
The locus-wise highest ne value (27012) was exhibited by L-DH-2* in Clialiyar
River population and while the lowest effective number of alleles was showed by
CK-1* (15077) in Periyar Ri\-'er population. ln all the populations, AAT-2* and
GPI-2* expressed maximum number of alleles, z'.e.. three. The mean effective
number of alleles (ne) in Pcriyar River, Chalakkudy River and Chaliyar River
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populations were 1.4609, 1.5274 and 1.5347 respectively. The locus-wise
effective number of alleles (overall populations) ranged from 1.6423 (in CK-1*)
to 2.9576 (in GP]-2 *) with a mean value of 1.5849.
Table 09. Observed (na) and Effective (ne) number of allozyme alleles in three riverine
populations of G. curmuca.
3  Pei-.i'yar *,Cfhalakkudy§:§=' Chaliyar Overallul
fRivelrX - _. ;_j,Ri,ver5-..,_p  RjlV6F_,,,,_,  "Popu,1ati0”_ns,g pg_L.....\....  . . .»__.__
AA T-2
CK-I
ES T-1
ES T-4
GPI-2
G,;PDH
a'G3PDH-2
LDH-2
MDH-2
6PGDH
PGM- I
PGM-2
SOD-2
XDH
3
2
2
2
3
2
2
2
2
2
2
2
2
2
1.6413
1.5077
1.9231
1.9429
2.6266
1.5817
1.5817
1.9429
1.9854
1.6182
1.8760
1.9600
1.8628
1.9333
3
2
2
2
3
2
2
2
2
2
2
2
2
2
2.3311
1.6897
1.7738
1.6000
2.4848
1.9429
1.9898
1.9984
1.9984
2.0000
1.9600
1.9963
1.9802
1.9675
3
2
2
2
3
2
2
3
2
2
2
2
2
7
1.»
2.2395
1.7241
1.9984
1.9935
2.4823
1.7896
1.9122
2.7012
1.8760
1.7575
1.9429
1.8886
1.9429
1.6543
3
2
2
2
3
2
2
3
2
2
2
2
2
2
2.1914
1.6423
1.9924
1.9195
2.9576
2.0000
1.9698
2.6042
1.9783
1.9971
1.9993
1.9993
1.9912
1.9651
Total it 30 30 31 31 Qqw
Mean 1.6154 1.4609 1.6154 1.5274 1.6538 1.5347 1.6538 1.5849
:t s.D. 0.6373 0.4798 0.6373 0.5235 0.6895 0.59475 0.6895 0.5992
4.1.7 Frequencies of alleles
The allelic frequencies of 14 polymorphic loci of 12 allozymes are given in
Table 10. In Periyar River population, the allelic frequencies ranged from
0.0643 (in AAT-2 *) to 0.7857 (in CK-1 *). In Chalakkudy population, the allelic
frequencies ranged from 0.0857 (in AAT-2 *) to 0.7500 (in EST-4 *). In Chaliyar
population, the allelic frequencies ranged from 0.1429 (in AAT--2*) to 0.7000
(in CK-1 *). The overall allele frequency value ranged from 0.1571 (in LDH-2 *)
to 0.7333 (in CK-1*).
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*Table10. Allozyme alleles and allele frequencies in G. curmuca from three 1"i\-'erine
populations and among populations.
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0.3976
01314-3 970.3833
0.3310
0.2857
-9 90.3236
0.6714
0.5000
0.5000
6o_.ma-2 040
1 00
0.7571
0.2429
0.5357
0.4643
0.3929
0.6071
0.5619
0.4381
LDH-2 O 78
I O0
I 48
0.4143
0.5857
0.5143
0.4857
0.4714”
0.2000
0.3286
‘_ _ ._,_ --­MDH-2 090
1 00
0.4571
0.5429
0.5143
0.4857
0.37147”
0.6286
0.4667
0.3762
0.1571
0.4476
0.5524
6PGDH 083.
I 00
0.7429
0.2571
0.5000’
0.5000
0.3143 M
0.6857
0.5190
0.4810
PGM-I 075
I00
0.6286
0.3714
0.4286
0.5714
0.4143
0.5857
0.4905
0.5095
PGM-2 078
I 00
0.5714
0.4286
0.5214
0.4786
0.3786
0.6214
0.4905
0.5095
SOD-2 [O0
125
0.6357
0.3643
0.5500
0.4500
0.4143
0.5857
0.5333
0.4667I — —~-7 --unaai A --~XDH 100
I O8
0.5929
0.4071
- —.\.7-­
0.4357
0.5643
0.2714
0.7286
0.4333
0.5667
Private allele# 2
4.1.8 Stock-specific markers (private alleles)
In LDH-2 *_. one of the allele (078) was present only in Chaliyar River population
(allele frequency 0.4714) and this was treated as stock-speciﬁc / private allele
(T6616 11).
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Table 11. Private allele in allozyme and its frequency
L '- ':,___m - g H“ — H w _ - r____>___rr_'__r_r_r_r - . ' ­LDH-2 78 ---- ---- 0.4714
4.1.9 Observed and expected heterozygosities
The range of observed heterozygosity was from 0.0797 (EST-4 *) to 0.4755 (MDH-2 *)
in Periyar River population, where as the mean observed heterozygosity was 0.1560.
The expected heterozygosity for this population ranged from 0.1868 (ES T-4 *) to
0.4963 (MDH-2 *), with a mean of0.2l28 (Table 12). Ln Chalakkudy River population,
the mean of observed heterozygosity was 0.1538, while the observed heterozygosity
ranged from 0.1143 (CK-1*) to 0.5272 (EST-1*). The expected heterozygosity for this
population ranged from 0.2996 (LDH-2 *) to 0.5710 (AA T-2 *), with a mean of 0.2233.
hi Chaliyar River population, the observed heterozygosity ranged from 0.1000 (PGA/L
2*) to 0.7714 (EST-1*). The mean observed heterozygosity was 0.1445. But, the
expected heterozygosity for this population ranged from 0.1705 (PGM-2 *) to 0.4996
(EST-1*) with a mean of 0.2035 (Table 12).
4.1.10 Hardy-Weinberg expectations
The probability test provided the evidence that the observed allele
frequencies in most of the loci signiﬁcantly deviated (p<0.05) from that
expected under Hardy-Weinberg equilibrium in all the three populations
except in EST -1 *, G6PDH*, LDH-2* and MDH-2* in Periyar River
population and EST-4* in Chaliyar River population, after the sequential
bonferroni correction was made to the probability levels (Table 12). Wright’s
ﬁxation index (F15) (Wright, 1951) is a measure ofheterozygote deﬁciency or
excess and their signiﬁcant values for each locus in each population are given
in Table 12. The F15 values for each locus ranged from ~0.5390 for EST-1*
to +0.5500 for EST-1*. In most of the loci, the value of Fm significantly
deviated from zero, indicating deﬁciency oi’ heterozygotes.
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Table 12.Summary of genetic variation and heterozygosity statistics of fourteen
allozyme loci in Gonoproktopterus curmuca.
'3.“ _  .
' .::.:i: =5-I-.' " :
3955;-=_._ 5.-.<.,. ‘. . :. - '
1‘-“;1?*Y.*T=?¢*.“5T*??*
AA T-2
H obs.
H exp
Fis ,
Paw
0.2429
0.3907
+0.385
‘.1 W j y éiéiLo. H  . ..  . 1 1 -_ E-§"’; ... "Populationisi(N%70§each)‘H ' 0 P‘eriyar"River‘ ‘ Chalakkud River"'_  0 iCha|iy%a;r"Rive1"‘
0.3429
0.5710
+0.406
<0 0001*** < *
0.1857
0.2535
+0.268
1_ - - -.-.-..°~°°.°1**._  <9:9.°°'3** ­
CK-I
H obs.
H exp
Fis
Paw
0.3367
+0265
<0.0001***
i 0.1143 ' 0.1143
0.3082
+0.323
<0.0001***
-_.1
1
0.1429
0.3024
+.0664
<0.0001***
EST -I
H obs.
H exp
Fls
Paw H
0.4571
0.4800
+0.550
0.8029
0.5272
0.4362
-0.271
0.0285*
0.7714
0.4996
-0.539
<0.0001f**
EST-4
H obs
H exp
Fis
Paw
0.0797
0.1868
-1-0.284
<0.0001***
0.1856
0.3150
+0.310
<0.0001***
0.4562
0.4984
+-0.090
0.4799
GPI-2
H obs.
H exp
Fis
Paw
0.3676
0.4193
+0. 149
<0.0001 ***
0.2855
0.3976
+0.227
<0.0001***
17" ___ _~-_
0.1143
0.2971
-1-0.311
. <0.0001***
G6PDH
H obs
H exp
F15
0.2585
0.3678
+0230
0.0970
0.1714
0.3253
+-0.451
<0.0001***
0.1714
0.2412
-1-0.316
1 <0.0001*** HP_HW 8 =_
aG_;PDH-2
H obs
H expF13 i
Paw __
0.1712
0.2678
+0.239
<0.0001***
0.2768
0.3974
+0360
<0.0001***
0.2714
0.3770
+0237
<0.0001***
LDH-2
H obs
H exp
F15
Paw *_
MDH~2
H obs
H exp
Fis
Paw
0.3618
0.4853
+0.241
0.0513
0.4755
0.4963
+0.086
0.0926
0.2571
0.2996
+-0.091
<0.000l***
0.2857
0.3696
+0234
0.0036*
0.2857
0.3298
+0.151
<'~T0.0001***
0.4213
0.4669
+0. 150
0.0036*
Table I 2 Continued
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*’¢"-"'5=?=?I: §fma.--;-~ ._ . ­
6PGDH
H obs
H exp
Fis
Paw
Periyar_Ri\7er
0.1714
0.2220
+0.l56
<0.0001***
0.2286
0.3254
+0.248
<0.0001***
Ky? 7;;  p p  __?Populations"(N€70.each)p   p '7  __
'  YCha'1ak,l<ud)’.-River.' ' ' ' ' ‘Qhaliyar River
0.2571
0.3310
+0. 149
<i0.0001***
PGM-I
H obs
H exp
F18
--Paw
0.2000
0.2669
+0.17?
<0.0001***
0.3429
0.3898
+0177
0.01-43*
1- -.*
1
0.1625
0.2053
+0.20‘)
<0.0001***
PGM-2
H obs.
H exp.
F 1SPaw­
0.0857
0.1898
+0.22?
<0.0001***
0.3000
0.4291
+0.105
<0.0001***
1---—
0.1000
0.1705
+0190
<0.0001***
SOD-2
H obs.
H exp.
Fis
PW
_.|.
i
0.3286
0.4632
+0297
0.0192*
0.3000
0.4415
+0226
0.0014*
1
0.3143
0.4553
+0329
0.0033*
XDH
H obs
H exp
F18
Paw 1 1
0.2409
0.3228
+0.102
<0.000l***
0.3515
0.4917
+0.280
F­
0.1432
0.2955
+0243
<0.000l***
Mean overall loci
H obs
H exp
F18
P(0.9s)
P(o.99)
An
0.1560
0.21.28
0.4385
0.4385
1.6154
ﬁ.u0.027s*
0.1538
0.2233
0.4288
0.4288
1.6154
11$?
0.1445
0.2035
0.3482
0.3482
1.6542
H obs.
1-1 exp.
FIS
PHW
P1095)
P(0.99)
An
ll!
*#l==l=
1
1
-—
1
--w
-1
--_­1
1
1
Observed heterozygosity
Expected heterozygosity
Inbreeding coefficient
Probability value of signiﬁcant deviation ﬁom HWE
Polymorphism at 0.95 criteria
Polymorphism at 0.99 criteria
Mean number of alleles per locus
Signiﬁcant at P<0.05
Signiﬁcant alter Bonferroni adjustment.
4.1.11 Linkage disequilibrium
There was no signiﬁcant association indicative of linkage disequilibrium between any
pair-wise combinations of alleles across loci at any populations level (P>0.05; 165 pair­
wise comparisons, comprising 55 pair-wise comparisons for 3 populations). It was
therefore assumed that allelic variation at allozyme loci could be considered independent.
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Table 13. Fisher’s exact test of allozyme allele homogeneity for all the
population pairs of Gonoproktopterus curmuca.
P0P"'0"0"§P0i*0 A P-"a'"@<§¥0£t..t¢§!J.;_.\L S. E.
AA T-2
PER& CH.L i 0.0000*** 0.0000
PERERPCPPLRRPRPPPR l 0.0000***  M0000 0.00000
i
pjp _W_ CHL & CLR 0.0023* 0.0001
CK-I
PER&Cl-IL  H f_0 0.0041i* 0.0003
*0 ‘PER & CLR 0._0028* 0.000020000000000
C1-TLIQC LR
.9-9052* 0.0004
EST-I
“PER“& CHL 0 @ 0999* * * 0.0000 P 2
PER & QIR 0.0002*
T71
0-0001 ­
CHL &“CLiR 0»0038* Q-9°03
EST-4
PER & CPl?l,,m___ 0.0000*** 0.0000
00020 0-0.00200j PER & cm
CHL 8: CLR 0 0.0009
GP!-2
PER & cm. 0 0.0000*** 0.0000
PlERi& CLR 0.0036* 0-0006”
cm. & CLR 0  pM__; 0004 P 0.0012
G6PDH
Pi-iRi& CHL
. sf
0.0061*
_ _ l._..i 0.000106
PER & CLR 0 W 0 _’ 0.0000*** 0.0000
t  CHL & CLR §%O000*** p‘_0.0000“
aG3PDH-2 Z PER & CLR  _
_ PER 8;? QHL 0.0030* “  0.0003086* 0.00 l2
cHi"& CLR 2
0.0**”
0.0l03* "H0028
LDH-2
PER & CHL 0.0000*f* 0.0000 0
W PER & CRQR 0.0000*_f“* "0-0000 M
W CHL & CLR 000*** .0.-.9999
MDH-2
PER & CHL 0.0l65* 0.0022 m__
_ PER&cLR‘  W 0.0299* P P t 000.0039
CHL &Z_clLR 0.010% 0.0031
6PGDH
PER & cm. 005 0.02l3*
_ J 00.0042
PER;S’_z CLR
‘ iCHL&CLR it 1;
0f0049*
0.002l*
_-_0.»Q°1_6
0.0004
PGM-I
PER & QH_L 0.022?“ 0.0046
PER & CLR Pi 0.0.l06* 0.0026 A
/H" 0 CHL & CLRM 0.042? 0.0057____
PGM-2
PER & cm, 0.021935 0.0032PER& CLR 0.016/4* 0.0017
_i CHL& cER_ 0.0300* 0 0.0036
SOD-2
PER0&”CHL t “R 0.0086* 0.0012
PER _& CLR |  (__0.00s2* 0.0012
CHL & CLR 0.0125* l 0-00222
""1
XDH  PER&cLRii )PER”& CHL  0 _
0.0076* 0.0018
0.00621 M00006 Ml
PCHI. & CLR 0.0136000 0.0030
Qveiréllloci   0ve.r0I.lp0P0lati0I1 W0 00-i°00°*f*ii   -- _
* Signiﬁcant at P<0.05; *** signiﬁcant at P<0.000l aﬁer sequential Bonferroni adjustment;
PER - Periyar River; CHL - Chalakkudy River; C LR — Chaliyar River;
Markov chain parameters - dememorizationi lO0O, batches: 100 and iterations: 1000
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4.1.12 Genetic differentiation
The co-efficient of genetic differentiation (FST) -estimated through the
estimator of Weir and Cockerham (1984) ranged from 0.0267 for PGM-2* to
0.0704 for 6PGDH*, with a mean of 0.0510, indicating that 5.1% of the total
genetic variation exists among populations (Table 14). The estimate of pair­
wise PST differed signiﬁcantly (P<0.000l) from zero for all pairs of riverine
locations (Table 15). Locus-wise heterogeneity values between population
pairs and for overall population (exact test) are depicted in Table 13. Out of
the possible 42 tests, all population pairs exhibited genetic heterogeneity.
Table 14. F-statistics (F31-) for overall populations of Gonoproktopterus curmuca
using allozymes.
. —  _ *4-4" 4 ~41-~ . W .    —5’ H A a$ampl¢i$iz¢ Fsrf A 0 z
AA T-2
CK-I
ES T -1
ES T -4
GPI-2
G6PDH
aG_;PDH-2
LDH-2
MDH-2
6PGDH
PGM-I
PGM-2
SOD-2
XDH
210
210
210
210
210
210
210
210
210
210
210
210
210
Z10
0.0510
0.0603
0.0425
0.0424
0.0601
0.0631
0.0612
0.0603
0.0439
0.0704
0.03 83
0.0267
0.0334
0.0601
Mean 210 0.0510
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Table 15. Pair-wise Fisher’s PST (0) (above diagonal) and their signiﬁcance levels
(below diagonal) between riverine populations of Gonoprokropterus
curmuca using allozyme markers.
3' .
5- __ 1 . I. '
-Pa»--in
.. .
-I
'l
i
- i
Q - .
L
l
l
- l
. .
p.t1")lat1onsY i Periyar » Chalakkudy ‘Chaliyar
Periyar ---- 0.04018 0.05994
Chalakkudy <0.000l *** ----- 0.04995
Chaliyar <0.000 l *** <0.0001*** ---­
*** Signiﬁcant after Bonferroni adjustment (P<0.000l)
4.1.13 Genetic relationship between populations
Nei’s (1978) unbiased genetic identity and distance estimated between pairs of
three populations of G. curmuca are presented in Table 16. Genetic distance
values between the populations of Periyar River population and Chalakkudy
River population was 0.0329; between Periyar River population and Chaliyar
River population was 0.0702; and between Chalakkudy River population and
Chaliyar River population was 0.0501. The Periyar River and Chalal<l<udy
River populations are closer when compared to Chaliyar River population. The
genetic distance values agree with the geographic distances between the
populations (Table 16).
Table 16. Nei°s (1978) genetic identity (above'diagonal) and genetic distance
below diagonal using alloz -'1ne markers in G. curmuca; geo tra hical
distances (in Km) are given in bracket
Periyari River Chalakkudy River Chaliyar River-Populations
*i** 0.9696 0.9326Periyar River
Chalakkudy River 0.0329 (60) **** 0.9527
0.0702 (220) 0.0501 (160) ****Chaliyar River
4.1.14 AMOVA
The analysis of molecular variance (AMOVA) using allozyme data indicated
strongly signiﬁcant genetic differentiation among G. curmuca populations (F51­
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0.0518; P<0.000l) with respect to the total population (Table 17). The F 51- value
among population in the hierarchical analysis (5.18%) was similar to that obtained
without using a hierarchical analysis (5.1%).
Table 17. Analysis of Molecular Variance (AMOVA) based on allozyme markers
in three populations of G. curmuca.
_: 1 - s_' ‘s J 2' 1 """‘ .” *' " " *"*  1 *""' " *;-'.j§§;_J=:',';:  . .- '_== - = =. . .- ­
__  .1  5 ii (Variance 11 Percientage of 3 Fixation;:@@er;iSources of Variation  - r -9 - t
' 9;) lq-(5,, "component , -Variationy(%)i - inydicesi"""l_ ' " ~-—~~—'——_': w ' I  W I I ~'_'_~_~:‘-_T r - ~';;H,_,__T jg.‘ ._.V_,,_% , ,. ____Among populations , l(Among Rivers) 1 0.1423 (Va) i 05.18 0.051 8***X  vi
lWithin populations 1(within River) ; 2.6070 (Vb) 94.82 pp --­
_ ~ — e»- _ ‘J_ -- A _ _- _..._ _ __ _  _ _ _V_ V i  A. ._¢-- __ ....- .Total 1 2.7493 (Vt) .
_***P<0.000l ;8igniﬁcanc-etestafter 1000 permutations  if
4.1.15 Dendrogram
On the basis of Nei’s (1978) genetic distance values, the phylogenetic
relationships between three populations of Gonoproktopterus curmuca were
made through a dendrogram (Figure 35) following unweighted pair group
method using arithmetic averages (UPGMA, Sneath and Sokal, 1973). The
high bootstrap values suggested the populations have robust clusters.
4.1.16 Bottleneck analysis
The bottleneck results based on allozyme data indicated clear mode shift of
allele diversity in all the populations in contrast to the expected L-shaped
distribution, if the population followed mutation drift equilibrium (Figure 17a).
The probability values (Table 18) also indicated signiﬁcant genetic bottleneck
in the populations of G. curmuca.
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Table 18. Analysis of genetic bottleneck in G. curmuca with allozyme markers
§§%iP01fi;yaP l--1;
/1/17-2 _*
under inﬁnite allele model (IAM) and two-phased model (TPM).
J1-.243.
7
. . ~
.1%‘M”1'i':-?.J..i]. - L
0.2()2
P
0.0486
___...._Q-21-9.
__-J-=7
1 .2
0.0512
7(.7K-177777777777_;7_7_M2 0 6
___.11
0.461
0.109 0.0016 if 0.104 1 0.03660 41 7 1_.EST...] .
WEST-4 20.000 0,000.. . . 0.000
1
1-_M_.0.1423 0.0504  .* 0  1.0671
7GP!-2 77 0.37/77177 0.261 0.0338 7 0.2376 7777r1.114277z§677_777717171 1
_Q@Pi.5FI iiiiiiii 7777777 0.259 0.186
___.0_-.0426 2222201104
7\
6
;Qr.<.3.=PD1f1 -3 0.182 0.1227 77777777707111 173
. 0 0358
____H_M  0.136 0.04372011-2 -Q<.3.66. 0.289 0.0268 70.2760 77 7  7777777707.0740677
7MDH-72 0.479 707.4716 7
.- .. . . .20-0.402. 0.446 0.0588610000\ 0.173 0.109 0.0434 0.122 0.0414
P<?_l1:1.-1777.7 iiiiii 77 0.201 0.169 0.0485 0.152 0.0321
PGMI27 7 77 0.02 6 0.1365 0_.043____ ___?_ ?_ _ _?_ 0.1071
QQD-.2..-  .
0.085
07.330 0.204 1 0.0547 0.288 0.0663
0.24 I 0.100 1 0.0512 0.173 0.0439
1119040" T01 (P1:_:Ev:_.  .
.,.‘...\.... -. . . .
%.<*:h0a14k10=2dy 1
W AA T-2
‘l-l7e7f..
Q-§4.5.­
0.00326*
";**z1A1v1"“
0.00544“
QT-P M
Hcq - . "­
0.234
-.1.
_  ll 7 Z  _0.320 1 0.0670
CK-1   77 70.115 0105  ­ 01318
0.0521
_’1__
0 109 7 0.1008
EST-1 0.757317 07.047178 0.462 0.0501
71:-s2".4 0.185 0.162 0.0488 0.150 1 0.0240 77
GP]-2 777 7 0.236 0.262 7 77 0.1464 0.213 7 0.12714
777G,,PDH 70.71 72 0.113 0.0277 1  I71 0.132 777 7777010170757 777777
7a7c_.PDH-2 0.277 0.270 0.3345 0.262 0.21176
LD1-7174277 7 7 0.257 0.192 0.0077 0.739 0.0086
0.285 0.20377 7701704017777 0.250 0.044577 77 77
-§PQQI'!..-_-u_ 0.230 0.201 1 0.0562 1 {>.iE30777777777777777 77771717041747
PGM-I 77 0.343 0.31_3“ 0.0727 1 0.200 0.0840
PGM-2
7 $017-2 7 7 0.3000.301
0.280 70.14330  1” 0. 1218?__ _ _?__ 0.0699 _ 0.273 0.0442
7 X011 0.353 0.326 16611_M10.0456  0.316 1 0.0532
007 0.003063 777Wi'..°‘”‘°" T.".$‘..§l.’)
3:
3~
$11.13.-'LEL:..',...'.'.  '
-441"-2
_CK-I
_0. 186
0.143
7_ 7. 0.2:..Q_.;7fi;_7:..2__3i7.7 73  .. .... . .. .. .
;7A7M*l 21%? 217* 1-T P M
. I70.171 1
0.103
';;:j.-pi . . ,- 1 7 7 ;7:.­
0.2732 0.162 1 7777707206477  77
...0303Z4__-.777777777701711597777777  70-0582
7-1 -0.772
iv
0.7619 7 7 0.0242 7 0.663 1 0.0304 7l5‘S
ES T-4 07.460 0.402 0.0477 1 0.300 7%  7
0.145 0.096
_.--W-;.  . 0-0335.... 0.093 0.0482
0.172 0.142 7 0.0523 0.159 0206,190,9011
1(1631) D -2
_GP1-2? 7
70.271 0.252 % W 0.0515 0.2597 77 70.0660
LDH-2 0.2116 64<4 1
it
7 7 0.0402 77  7770.243 0.0488
MDH-2 111422. 0.400 07.71 223 7 0.300 0.1407 1
6PGD717-I7 0.260 70727171777777 77 7 7 7 770.0317 0.232 0.1103 7
PGM-1
PGM-2
11-1.04..
0.100
0.132
0.@0.9.3.--...--. 7
0.0430
0. 1502
. 0-129
0.089
1
.-----.-.--_2._ELQ-.‘1.‘.>.-----.
Z 0.165 5
717 7777 7777
0.315 0.299 7777777077327447 .0236 0.34667S7g1:>?-2
X010 Q-1.4.3 0.077 A <1-0+15.Fi7:.7;17777 11771771 76 0.0520 {_
Wilcoxon Test (P) - - ‘ 1 ....-.-...-,_477'0 00385’” 7 ' 7777777_77__77770 0040
Heq: Heterozygosity expected at mutation-driﬁ equilibrium; He: measured/observed heterozygosity; *
Signiﬁcant value (P<0.05); # Inﬁnite Allele Model (IAM) is widely used for allozymes.
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Fig. 4. Aspartate amino transferase (AAT) pattern in G. curmuca.
Lanes 1-5 samples from Periyar River,
6-10 Chalakkudy River and 11-15 Chaliyar River.
Fig. 5. Creatine kinase (CK) pattern in G. curmuc
Lanes 1-5 samples from Periyar River,
6-10 Chalakkudy River and 11-15 Chaliyar River
1
CK-1*
_-> CK-2*
3.
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1
 _._ EST-1*
*1 .__> EST-2*
—>- EST-3*
_, EST-4*
__, EST-5*
t_,. EST-6*as  EST-7*
Fig. 6. Esterase (EST) pattern in G. curmuca.
Lanes 1-5 samples from Periyar River,
6-10 Chalakkudy River and 11-15 Chaliyar River.
+GAPDH
>
Fig. 7. Glyceraldehyde-3-Phosphate dehydrogenase (GAPDH)
pattern in G. curmuca. Lanes 1-5 samples from Periyar River,
6-10 Chalakkudy River and 11-15 Chaliyar River.
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Fig. 8. a-Glycerophosphate (Glycerol 3-phosphate) dehydrogenase
(aG3PDH) pattern in G. curmuca. Lanes 1-5 samples from Periyar
River, 6-10 Chalakkudy River and 11-15 Chaliyar River.
O
_> G6PDH*
Fig. 9. Glucose-6-phosphate dehydrogenase (GBPDH) pattern in G. curmuca
Lanes 1-5 samples from Periyar River,
6-10 Chalakkudy River and 11-15 Chaliyar River.
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Fig. 10. Glucose phosphate isomerase (GP!) pattern in G. curmuca.
Lanes 1-5 samples from Periyar River, 6-10 Chalakkudy River
and 11-15 Chaliyar River.
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Fig. 11. Lactate dehydrogenase (LDH) pattern in G. curmuca.
Lanes 1-5 samples from Periyar River,
6-10 Chalakkudy River and 11-15 Chaliyar River.
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Fig. 12. Malate dehydrogenase (MDH) pattern in G. curmuca.
Lanes 1-5 samples from Periyar River,
6-10 Chalakkudy River and 11-15 Chaliyar River.
—> MDH-2
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Fig. 13. Malic enzyme (ME)|patter|n_i-n G. curmuca.
Lanes 1-5 samples from Periyar River,
6-10 Chalakkudy River and 11-15 Chaliyar River.
Fig. 14. 6-Phosphogluconate dehydrogenase (6PGDI-I) pattern in G. curmuca
Lanes 1-5 samples from Periyar River,
6-10 Chalakkudy River and 11-15 Chaliyar River.
Fig. 15. Phosphoglucomutase (PGM) pattern in G. curmqca.
Lanes 1-5 samples from Periyar River,
6-10 Chalakkudy River and 11-15 Chaliyar River.
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Fig. 16. Superoxide dismutase (SOD) pattern in G. curmuca
Lanes 1-5 samples from Periyar River,
6-10 Chalakkudy River and 11-15 Chaliyar River.
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Fig. 17. Xanthine dehydrogenase (XDH) pattern in G. curmuca.
Lanes 1-5 samples from Periyar River,
6-10 Chalakkudy River and 11-15 Chaliyar River.
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Fig.17 a. Qualitative “mode-shift” indicator test to discriminate
bottlenecked populations of Gonoproktopterus curmuca from three rivers,
based on allozyme allele frequency distribution.
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4.2 Microsatellite analysis
4.2.1 Isolation of DNA
The DNA was isolated from each sample collected from three locations by
the method mentioned in section 3.4.1. To analyse the yield and quality,
the extracted DNA was electrophoresed through 0.7% agarose gel
containing ethidium bromide (Sug/mL) and a single bright discrete band
was observed near the well (high molecular weight DNA) without shearing
and RNA contamination.
4.2.2' Quantiﬁcation and Purity of DNA
The quantity and quality of the extracted DNA was checked by taking the
optical density (OD) using spectrophotometer at wavelength 26011111 and
280nm. Most of the extracted DNA had very high concentration; therefore,
the samples were diluted with sterile double distilled water to get appropriate
concentration (25ng) for PCR reactions. The OD ratio (260nm to 280mm) of
the each sample was in between 1.7 and 1.9. Therefore, the samples were in
pure condition without contamination of protein and RNA.
4.2.3 Selection of primers
Forty primers (microsatellite ﬂanking regions) from di1°ferent cyprinid
species collected from literature and NCBI GenBank accessions were used to
study the cross-species amplification of microsatellites in G. curmucu
(Table 19). The annealing temperature (Ta) of these primers in the resource
Species and the same in GOI’2()pJ"‘0/(IO]9l(3I’U.S' curmuca at which succ-essful
ampliﬁcation occurred without stutter bands are given in Table 19. Only
eight primers out of 40 gave scorable banding patterns (9 loci) after PCR
ampliﬁcation.
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24.2.4 Conﬁrmation of microsatellites
l
The occurrence of microsatellites in PCR products were conﬁrmed by cloning the
amplicons in TOPO vector (lnvitrogen, Carlsbad, USA; TA Cloning) and
subsequently sequencing them. The transformed competent cells (l0Ottl.;)
produced blue and white colonies on LB plate (90mm) containing 50ug/mL
ampicillin coated with 4OitL X-gal (20mg/mL) and 4ttL IPTG (200mg/mL). The
blue colonies did not contain the insert in the plasmid while white colonies
contained the inserts.
4.2.5 Conﬁrmation of cloning
4.2.5.1 Through PCR
The DNA from both blue and white colonies was ampliﬁed with specific primers
for the particular microsatellites locus. The DNA from white colonies containing
the microsatellite insert only was PCR ampliﬁed and visualized bands in 2%
agarose gels.
4.2.6 Microsatellite loci conﬁrmed after sequencing
After sequencing, the following eight loci were confirmed to contain
microsatellites viz, CcatG1-1, MFW01, MFW11, MF W19, MF W26, MF W72,
Ppr048, and Ppr0126. All these loci were polymorphic and were further
considered for population genetic analysis of G. curmuca. The repeat sequences of
eight loci are given in Figure 25b & c and Table 19. The 9"‘ locus (CcarG1-2)
was discarded due to the lack of repeat regions in it.
4.2.7 Type and relative frequency of microsatellites
Of the 8 ampliﬁed loci, two were perfect (CA) viz, MF W26 and Ppr048 and their
sequence information is presented in Figure 25b & c. Rest of the loci exhibited
imperfect repeats. The length of the repeats (is equal to number of repeats) varied ﬁ"om
13 (Ppr048) to 25 (MF W 11 ). The tandem repeats of seven microsatellite loci (CA)
were same as that of the resource species, while repeat motifs of the locus CcatG1-1
(GGA) differed from that of the resource species ((GATA)n ----(CCA)n) (Table 19).
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The vertical non-denaturing polyacrylamide gel electrophoresis (PAGE) system (gel
concentration 10%; gel size 100mm height X 100mm wide X linm thick; Amersham
Biosciences, USA) with the silver staining protocol was comparatively inexpensive
than the automated genotyping units and capable of separating DNA fragments that
differed by as little as 2 base pairs (contimied after sequencing the PCR products).
4.2.8 Variations in microsatellite band pattern
In CcatG1-1, 7 alleles were observed (Figure 18). The size of the alleles ranged
from 223 to 256bp (i.e., 223, 229, 232, 238, 244, 250 and 256bp). Except the
alleles 256bp in Chalakkudy River population and 223bp in Chaliyar River
population, other alleles were common to all the populations (Table 21).
InMFW01, a total of 8 alleles were observed (Figure 19). The sizes of the alleles
were 153, 159, 163, 169, 175, 179, 183 and l87bp. The alleles having the size
183, 179 and 175bp were common in all the populations. The 169bp allele was
absent in Periyar River population, the 187 and l63bp alleles were absent in
Chalakkudy River population and the 15.9 and 153bp alleles were absent in
Chaliyar River populations (Table 21).
In MF W11 , 8 alleles were observed (Figure 20). The size of the alleles were 162,
168, 172, 176, 180, 184, 190 and 196bp. The l62bp allele was absent in Periyar
River population, where as 162 and l68bp alleles were absent in Chalakkudy
River population and l68bp allele was absent in Chaliyar River population (Table
21). The allele l68bp is considered as a private allele of Periyar River population
and the allele l62bp considered as private allele of Chaliyar River population
(Table 24).
InMFW19, there were seven alleles and the size ofthe alleles were 189, 195, 201,
205, 211, 215 and 225bp (Figure 21). The allele 225bp was absent in Chaliyar
River population, whereas all the alleles were present in both Periyar River and
Chalakkudy River populations (Table 21).
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In MFW26, there were five alleles and their sizes were 145, 151, 157, 161
and l65bp (Figure 22). The allele l57bp was most common in all the
populations. All ﬁve alleles were recorded in all the three populations
(Table 21).
In MFW72, six alleles were recorded (Figure 23). The size of the alleles
ranged from 130 to 148bp (i.e., 130, 134, 138, 142, 146 and l48bp). In
Periyar River population, the allele 148bp was not recorded; the alleles 134,
138 and l48bp were not observed in Chalakkudy River population and 134
and l38bp alleles absent in Chaliyar River population (Table 21). The
alleles 138 and 134bp are considered as private alleles of Periyar River
population and the allele l48bp considered as a private allele of Chaliyar
River population (Table 24).
In Ppr048 locus, only ﬁve alleles (i. e., 216, 218, 224, 226 and 228bp) were
observed (Figure 24). Out of these alleles, 218 and 226bp alleles were
absent in Periyar River population; 226bp allele was absent in C-I13IZlI(I(Ll(Il}='
River population and 2l8bp allele was absent in Chaliyar River population
(Table 21). The allele 226bp is considered as a private allele of Chaliyar
River population and the allele 2l8bp is considered as private allele ot
Chalakkudy River population (Table 24).
In Ppr0]26 locus, there were only seven alleles (Figure 25). The size of the
alleles ranged from 162 to 178bp (La, 162, 168, 170, 172, 174. 176 and
178bp). The allele 178 and l76bp were most common in all populations. In
Periyar River population, the alleles 174 and 1'/Obp were not ampliﬁed and
in Chalakkudy River population, the allele l62bp was absent and in Chaliyar
River population, the alleles 170 and l62bp were not ampliﬁed (Table 21).
\
The allele l70bp is considered as a private allele of Chalakkudy River
population and the allele l62bp is considered as private allele of Periyar
River population (Table 24)
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Microsatellite alleles and allele frequencies in G. curmuca from three
riverine populations and overall populations.
J .
.4I1(=19si1@~(111=>~1a:P4-11:11.1  .0111-11111111111117 I-.C1h01i1/9r  "*9?" 2.
. .l’p__P.ulaj1(1Il§.
‘Z0101-1 250
._. V ___
71 0.0357 (10000 FM 0.3753 (11370 71
4 .
L1
250 0.0323
1'
(13925 11 (12250 ""1__ __ (12100 3_
2441 .._1 .. 0.1028 0.1100 e_ 1 9 (11201 0,1112
F H
1
238 1_ 0.2463 (12207 77(1194s 1 (12220 _
232 (14907 (11952
_ f_ __:_ .
(10725 9 1 (125489
11"
11
1
229 0.0237 (10225 0111237 1 (10195
223 71 110025 1 (10525 1.1 0.0000 (10383 _7i1F7v01 i 2 137 7 1 7111510 (10000 77 (12305 (11394 1‘
183 0.2 528 (13249
_;1 (13309 _% 03049 #1
179 0.3275 (12750 11 (11714 113530 .2.2
175 (11454
__L‘ __ (11479 W 0.129] A_1 (11 10 _7
169
.. A .0.0000 - 11_1 (11125 (10828 71 7 4 2(10051 h_
‘ 1
1
1
163 (10375 (10000 (104201 (10267 _
159
_ __ W‘. _1 0.0425 (10932 7 0.00011 1 (10452 1
1537 137 (10125 (10405 _Q1 (10000 A (101979
70457771 190
190 1 , (12053(12592
._L .
(12975
(12303 1
(13021 _0(12915 1 0.2683  _0.2790
184 (11907 (11542 0.1687
189
1
_... .1 .
. 111307“ 7 T1 01121
_% _(11553 K 6%
1 _(109s7 M 1 1 0.1.158
.[_
176 (10904 (10973 (10525 (109217 _
172
1
(10025
1 (10520 7I (10523. 1 (10558 9
168 0.0432 /2 (10000 (10000 (101440
H
162 __1 __(10000 1;1 Q (10000 "1_ 1 110176 _w 0.0059
MFW19 225 (11230 0.1177 (10000 7 ‘77 (10004 %__,2
215 11 (11549 _i.
I
0.1613 1f f(100s4e_ 1 (11252 2
211 (13152 (13023 Q. (14102 7 0 0342579“
W . 205 7 1 7(11037 _. X _._ (11589 (122497 1,7“ 0.1825
,7_
201 (11240 0.1345 11171777 04430 1
1 (1115 _ ‘_H (10783 -21 .. (10807
. .. 2 121 (11123 1
.121-09247  .2
189 (10397 . 41 .
I
(10301 eﬁé_ (10125
1
F _
0.0301 __ j
7n{F7V207
1
165 { 1” ­ 0253 (13250 (10023 1 0.1775 {
101
._0.
. 0.3613 1 2 (11034 _f31(11247o_ Q (121057
157 (12793
__ [W _
(12555 0.3251 A 113959-. .
151 1 (10885 7 21_­ (11549 “11 (11s247U_1 (11519 ?__
145 0.0651 (10412 1_ (13053 1 0.1572{ {
73¢F%Vz27 145 (10000 _ ‘___ (10000 ; 1 (112877 _" (10429 __1* 146 . ‘7_;_ (10054 0.4517 (14743 (13305 7
142 7(109s1
1
. 1.!. . 0.3952 0.16.94 0,2209
1 138
F." _.
0.2433 (10000 0.0000 i ; (10811
71—
134 0.2278 (10000 77 1 7110000 0.0759
130
__1 0.3654 (11531
7
0.2487? _
Ppnf 4 3 Y 228226
- ._1_
1 (14213
0.0000
_.i V _ 0.5612(10000
71_Q (122707­2 T_ . .- 20.4334; 4(11332 1 0.47190.0444 _
224 11 (13250
1 .
1 (12350
11 (12553. (127§0{ 0
1 2 _
218 ’ (10000 0.0161 77 (100007 .‘V (10054 6
F"1 21.6
_ 21T (12531
._ .,
0.1751? H (12053 7:;
Pprol 2 6
. 4
178
176.
0.26.15
0.3434
(7.. _
(11577
(12752
(13203 17“(13598 7-0
(12834 1 0.27.14
(13432% Z
174 1 (10000 (10104 10 (10230 1 0.0130
172 0.0594
‘___ (10587 9110005 1 0.0623112
170 1 (10000 (11130 (10000 0.0379
168 T1 (12232
.. l. .
__i 02150 7 1f (12594 £13327 .1%.
102 01125 0.0000 (10000 1. _ (10375
1 107
l!
‘*.“—7-&‘-qr ,._
l
F
-we -we-~vu-—.
4.2.9 Genetic variability
The allele frequencies of microsatellite loci from multiple collections of the same
river (three years— details in Table 01) were tested for signiﬁcant homogeneity.
":1
e genotype data from different collection sets exhibited allelic homogeneity;
ence they were pooled as in allozyme analysis. This yielded three combined data
Sets viz.. Periyar, Chalakkudy, and Chaliyar River populations and they were used
for analysis of parameters of genetic variation and population structure of G.
curmuca.
4.2.10 Number and percentage of polymorphic loci
All the 8 ampliﬁed microsatellite loci were polymorphic (100%) in all the
populations. The allele size of microsatellite loci with each primer is given in
Table 21.
4.2.11 Observed and effective number of alleles
Periyar River population: In this River, a total of 46 alleles were observed with
8 microsatellite loci. The maximum number of alleles (7) was exhibited by four
loci viz, CcatG1-1, MFW01, MF W11 and MFW19. Five alleles were present in the
loci MFW26, MFW72and Ppr0126. The locus Pproe/8 showed the minimum
number of alleles (3). The mean observed number of alleles (nah) in periyar
pollution was 5.7500. River The highest effective number of alleles (net) was
exhibited by MFW19 (4.l830) and lowest effective number was by MF W 72
(22989). The mean effective number of alleles in this population was 3.3310
(Table 20).
Chalakkudy River population: ln this River, a total of 40 alleles were observed
with 8 loci. The loci CcalG]-l, MFW01, MF W1 I and Ppr0I26 had maximum six
number of alleles; the loci MFW19 and MFW26 had ﬁve alleles each and the loci
MF W72 and Ppr048-2 showed the minimum number of alleles ie., three. The
mean observed number of alleles in this River population was 5.0000. In
Chalakkudy River population. the highest effective number of alleles was 4.7548
(in Ppr0126) and the lowest effective number of alleles was in MF W 72 (l .6385).
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The mean effective number of alleles in the Chalakkudy River population was
3.0857 (Table 20).
Chaliyar River population: In this River population, 43 alleles were observed
with 8 loci. The loci MFW] 1 and MFW19 had maximum number of alleles, 1'. e.,
seven and the loci MF W26, MF W72 and Ppr048 showed the minimum number of
alleles (four). But the loci CcatG1 -1 and MFW01 had six alleles and the locus
Ppr0126 showed ﬁve alleles. The mean observed number of alleles in this
population was 5.375. The highest effective number of alleles in this River
population was 4.6715 with MF W11 and lowest effective number with MF W 72
(l.9753). The mean effective number of alleles was 3.3674 in this River
population (Table 20).
Overall populations: Among the three riverine populations, a total of 42 alleles
were observed in 8 loci. The maximum number of alleles (7) was recorded in the
locus MFW11 while, the locus Ppro-18 showed the minimum number (three) of
alleles. The mean observed number of alleles for overall population was 5.250.
The highest effective number of alleles was 4.8056 in MFW11 and the lowest
effective number (19679) of alleles was in MF W72. The mean effective number
of alleles for overall River populations was 3.6922 (Table 20).
4.2.12 Frequency of alleles
The allelic frequencies of 8 polymorphic microsatellite loci are given in Table 21. In
Periyar River population, the allelic frequencies ranged from 0.0125 (MFWOI) to
0.4967 (CcarG]-1). Seven alleles (two alleles in Pp;-'048 and Ppr0]26; one allele
each in MFWO] , A/[FW11 and MF W72) were totally absent in Periyar population. In
Chalakkudy population, the allelic frequencies ranged from 0.0104 (Ppr0]26) to
0.5612 (Ppr048). Ten alleles (3 alleles in MF W72; 2 alleles in MF W 01 and MFW] 1;
one allele each in CcatG1-1, Ppr048 and Ppr0126) were totally absent in this
population. ln Chaliyar River population, the allelic frequency ranged from 0.0023
(MF W26) to 0.4743 (MF W 72). In this population also, ten alleles (two alleles each in
MFW01, MF W 72 and Ppro126 and one allele each in MFWO], MFW11, MFW19 and
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Ppr048) were totally absent. The overall allele frequency value ranged from 0.0054
(Ppro-48) to 0.4719 (Ppr048) (Table 21).
4.2.13 Agreement with Hardy-Weinberg expectations
The probability test revealed that the observed allele frequencies in most of
the loci showed signiﬁcant deviation (P<0.05) from Hardy-Weinberg
equilibrium except for , MFWIJ, MFW19, MFW72 and Ppr0~/8 in Periyar
River population; MFW01, MFW19, MFW72 and Pp:-0126 in Chalakkudy
River population; and CcarG1-I, MFWII. MFW] 9, MFW72 and Ppro/26 in
Chaliyar population after sequential Bonferroni correction was made to the
probability levels (Table 23). Wright's (1978) ﬁxation index (F15) is a
measure of heterozygote deﬁciency or excess (inbreeding co-efficient) and
the signiﬁcant values for each locus in three populations are given in Table
23. The values ranged from —0.0834 for the locus MFW72 to +0.4552 for
locus MFW1] in Chaliyar and Chalakkudy River populations respectively.
In most of the loci, the value of F13 was found to deviate signiﬁcantly from
zero, indicating a deﬁciency of heterozygotes.
4.2.14 Frequency of null alleles
Seven of the 8 primer pairs in G. curmuca indicated positive F15 values in
different populations (Table 23). The expected frequency of null alleles was
calculated using MICRO-CHECKER and all the genotypes of the loci showing
deviation from Hardy-Weinberg equilibrium were tested for null alleles. The
estimated null allele frequency was not signiﬁcant (P< 0.05) at all 7 tested loci
using different algorithms, indicating the absence of null alleles and false
homozygotes (Table 22) There was also the absence of general excess of
homozygotes over most of the allele size classes in all the 7 loci in three
populations. In addition, there was no instance of non-amplified samples in
repeated trials with any of the primer pairs. Therefore, for population genetic
analysis, information from all the 8 loci was considered.
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Table 22. Summaiy statistics of null allele frequencies in G. curmuca
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I  ChakrabortyllhooksﬁeldlBr0oksﬁeld2 1 0.0108
Chalakkudy 0.0293 0.0278 0.0581 0.0281 I
Periyar I 0.0043 0.0038 0.0048 0.00489 IMFW01
C haliyar 0.0163 O-@111 0.0188 0.0188 I
MFW11 < Chalakkudy
0.0013 . 0.0014 0.0017
Chaliyar I 0.0025 0.0027 0.0032
0.0017gg
0.00329
JWWI9 Chal iyar 0.0096 0.0077 0.0081 0.008 1
iPeriyar 0.0380 0.0414 0.0373 0.03 73
MFW26 1 Chalakkudy 0.0813 0.0402 0.0411 0.0411
Chaliyar 0.0253 0.0189 0.02218 0.02 18
Chalakkudy 90.0153 0.0145 0.0102 0.0102Ppr048
Chaliyar 0.0104 0.0104 0.0201 0.0201
'*T. ';_. _
Ppr0126 1
Periyarii L 0.0063 0.0058 0.0064 0.0064” I
Chalakkudy  0.0025 0.0023 I 0.0033m 0.0033 Wso
4.2.15 Observed (Hubs) and expected (Hm) heterozygosities
Periyar River population: In this population, the range of observed heterozygosity
(1-101,8) was from 0.3336 (MFWJI) to 0.7429 (MFW72) and the mean was 0.5148.
The 'expected heterozygosity (Hcxp) for this population ranged from 0.3261
(MFWI J) to 0.7976 (CcarG1-I), with a mean of 0.6067 (Table 23).
Chalakkudy River population: In this population, the range of obseived
heterozygosity (l~l.,1,S) was from 0.1143 (MF1/V11) to 0.7857 (MFW19) with a mean
value of 0.5360. The expected heterozygosity (Hex-P) for this population ranged from
0.2767 (MFW11) to 0.78112 (CcatG1-1) with a mean value of0.5996 (Table 23).
Chaliyar River population: In this population, the observed heterozygosity
ranged from 0.2571 (MFWII) to 0.7571 (MF1/V19) with a mean value of 0.5239.
The expected heterozygosity for this population ranged from 0.2743 (MFW11) to
0.8037 (MF1/V19) with a mean value of 0.5619 (Table 23)
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Table 23. Summary 01’ genetic variation and hctcr0'/.ygosity statistics ofcighl microsatcllite 1001
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4.2.16 Private alleles (Stock-speciﬁc markers)
There were nine private alleles - four private alleles in Periyar River population,
two in Chalakkudy River population and three in Chaliyar River population (Table
24). The private alleles in Periyar River population include the 168bp fragment
in MFW11 locus; 138 & 134bp fragments in MF W 72 locus and l62bp fragment in
Ppr0]26 locus. The frequencies of these alleles were 0.0432, 0.2433, 0.2278 and
0.1125 respectively. The two private alleles in Chalakkudy River population are
the 218bp fragment in PpmJ8 and the l70bp allele in Pp1'0]26 locus. The
ﬁequencies of these alleles were 0.0161 and 0.1 138 respectively. ln (.‘.l1ali_va1" River
population, the allele 162bp in M147/V1 1 locus, l48bp in MFW72 locus and the allele
226bp in Ppro48 locus formed the stock-speciﬁc markers. The frequencies of these
alleles were 0.0176, 0.1287 and 0.1332 respectively.
Table 24. Private alleles in microsatellite and their frequencies
ﬁﬁ$ﬁ”$?ﬁ?3!
;;§¢. ?iT
. - p j
w
eus-' it Private.allele,size_:(b-p) is 3» M
’ Periyar £Chalakkudy
{__.__... _. .
Allele frequency
Chaliyar 8
MFW11
1 68
K _., 0---_ _____ __,-_,. t__.._._. __._ .
0.0432 ul-_u­
762 0.0176
MFW72
148 0.1287
7 7138 0.2433 .. .-. ___- -12
134 0.2278 1 F"
Ppr04 8
226 0.1332
3218 0.0161
Ppr0126 170 0.1138* 162 0.1125
4.2.17 Linkage disequilibrium
There was no signiﬁcant association indicative of linkage disequilibrium between
any pair of microsatellite loci for any population (P>0.05) (84 pair-wise
comparisons, comprising 28 pair for 3 populations). It was therefore assumed that
allelic variation at microsatellite loci could be considered independent.
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population pairs of G. curmuca.
hable 25. Fisher’s Exact test of microsatellite allele lioniogeneity for all the
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Population paris 0" "P""a|"°"p_y , _  _ __(_|§Xa¢t "150  __p
cui. & PER 0.006] *
s..Ei.
0.0002
CL-R & PER 0().0l52*iM 0 0' 0.0009
CLR & cm. 0.0010* 0.0001
I?
i
F
F|
* MFW01
r
\
CHE & PER 0.0000*** 0 0.0000J .
l CLR & PER 0.i0000*** 0 T 0.0000
c|.R & CHL 0.0000***"““ l T 0.0000
MFWH
Cl~IL00<_8_¢ PER 0.0022* 0.0003
ELR & PER 0.00305 R 0.0003
CLR & CHL 0.0596  0 0.0012
MFWI9
cm. at PER 0.4604 0.0023
CLR & PER 0.0261* 0.0000
,_ _
I
c1.R & (31110 0.00301 0.0003
MF W26
Tl
CHLW& PER ~ 0.0002* 0 T T 0.0000
QLR. & PER 0.0306* 0.0028
CLR &iCHL 0.0221 * 0.0061
MF W72
CHL & PER 0.0000*** 0.0000
CLR & PER 0.0000**f 0.0000
Fl
CLR & Cl-IL 0.0000¥** 0.0000
Ppr04 8
cm & PER o.032R4* 0.0031
CLRR& PER 0.0000%%** 0.0000
c1.R & cm. 0.0000*** 00.0000
Ppr0126
_T. W L9‘ PER. 0.0014} pi  0.0003
cLR& PER 0.0000*** 0.0000
CLR& CHL 0.0364* ' 0.002110
“Overt!!! loci 0 1 W R Cverallpopulation _ 0.0000+0**
* Signiﬁcant at P<0.05; *** Signiﬁcant at P<0.000l after sequential Bonferroni adjustment;
PER - Periyar River; CHL - Chalakkudy River; CLR — Chaliyar River;
Markov chain parameters - dememorization: I000, hatches: 100 and iterations: 1000
4.2.18 Genetic differentiation
The coefticient of genetic differentiation, PST ranged from 0.0490 for the locus
Cca2‘G1-1 to 0.1114 for the locus ll/{Fl/I/72, with a mean of 0.0689, indicating that
6.89% of the total genetic variation exists among 3 populations (Table 26). Pair­
wise FST estimates between populations differed significantly (P < 0.0001) from
zero 1 for all the pairs of riverine locations (Table 27). The loci exhibiting
signiﬁcant heterogeneity in genotype proportions between population pairs and
l.l4
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for overall population employing Exact test are depicted in Table 25. Out of the
possible 24 comparisons, 22 pairs exhibited significant genotypic heterogeneity.
In addition to FST, population differentiation was measured also using pair-wise
and overall RST (Slatkin, 1995) based on the differences‘ in repeat numbers (allele
sizes) in microsatellite loci. The RST values were similar to that of PST in G.
curmuca. Locus-wise RS-1~ varied from 0.0510 (MF W26) to 0.1090 (MF W72) with
an overall value of 0.0729 (Table 26). Pair-wise RST values between populations
differed signiﬁcantly (P<0.0001) for all the pairs of riverine locations (Table 27).
Table 26. F-statistics (FST) and Rho-statistics (Rq) for overall populations in G.
curmucaH 9    pg :]?ST)§6'catGI-I 210 0.0490 0.0593
MFWO]
MFWI1
MFWI9
MFW26
MFW72
Ppr048
0.0575
0.0940
0.0512
0.0496
0.1 l 14
0.0770
0.0612
0.l043
0.0608
0.05 l0
0.1090
0.0840
_f:pr0126 __  210 _ 0.0615 g 0.0532 __
‘Mean g     .210  0.0689 0.0729
Table 27. Pair-wise Fisher’s F 3'1‘ (0) (above diagonal) and RST (below diagonal)
between riverine samples of Gonoproktopterus curmuca using
microsatellite markers.
1 1  . -'“§Periiy'ar_;.g. i1*_;J_Chalakkudy?;  ChaliyargggiiiiPeriyar ---- 0.04723 *** 0.06381 ***
Chalakkudy 0.05472***  0.05202***
Chaliyar 0.0s911*** 0.06121***
7"**Signif1cant aria B0n'l'er1'o11i adjustment (1><0T0001 ) 9 7  7
4.2.19 AMOVA
The AMOVA based on microsatellite data indicated significant genetic differentiation
among G. curmuca populations (PST 0.0673; P<0.000l) (Table 28). The value (6.73%)
was congruent to that obtained without the hierarchical analysis (6.89%).
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for overall population employing Exact test are depicted in Table 25. Out of the
possible 24 comparisons, 22 pairs exhibited signiﬁcant genotypic heterogeneity.
In addition to PST, population differentiation was measured also using pair~wise
and overall R5-r (Slatkin, 1995) based on the differences in repeat numbers (allele
sizes) in microsatellite loci. The RST values were similar to that of PST in G.
curmuca. Locus-wise RST varied from 0.0510 (MFW26) to 0.1090 (MF W 72) with
an overall value of 0.0729 (Table 26). Pair-wise Rgr values between populations
differed signiﬁcantly (P<0.0001) for all the pairs of riverine locations (Table 27).
Table 26. F-statistics (F5-1~) and Rho-statistics (Rsr) for overall populations in G.
curmuca
_-,_. .__. _..-  . .. _.- . .. . _.. .  -._ .. _.-.. -.
L0i¢u"Si_  9 H_SiainipleSize..   _ H   _;i LBS-1;. ‘J-gtCcazcz-1  210  9 0.0400  00.0593
MFW01
MFW11
MFWI9
MFW26
MFW72
Ppro-18
210
210
210
210
210
210
€pr0IZ6 _ _ g__210
0.0575
0.0940
0.0512
0.0496
0.1 1 14
0.0770
0.0615
0.0612
0.1043
0.0608
0.0510
0.1090
0.0340
0.0532
Mean 210  H 0.0089 0.0729
Table 27. Pair-wise Fisher’s PST (0) (above diagonal) and RST (below diagonal)
between riverine samples of Gonoprokroprerus curmuca using
microsatellite markers.
0 n1{¢1+1ya1-.f. it  ~f:.§.j;Chalakkudy(; . »i;rrac11;.11;yar%siiPeriyar ---- 0.04723*** 0.063 81 ***
Chalakkudy 0.054"/'2*** ----- 0.05202***
Chaliyar 0.0s911*** 0.06121***
1* i’i"‘Signiﬁcantafter l:7ion‘ferroni adjustm ent (P €0.000 1 0 “T )7
4.2.19 AMOVA
The AMOVA based on microsatellite data indicated signiﬁcant genetic diffe1“e11tiatio1i
among G. curmuca populations (FST 0.0673; P<0.0001) (Table 28). The value (6.73%)
was congruent to that obtained without the hierarchical analysis (6.89%).
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,‘= Table 28. Analysis of Molecular Variance (AMOVA) based on microsatellite
markers in three populations of G. curmuca.
-.3 .i;.* 7  Variance 4 .0 Percentageofi Figxatiogn.Sources 0feYariat10n,. .   ._ 1  . 3. .70 ~  , ._component V 0 Variat10n(/0); V: "induces. H
A"‘°“gP°p“"‘“°“s i 0.19s4(\/3) it 7  06.73 .i0.0673i¥**(Among Rivets)  .  7
Within populations
- (Within River) .-_.. _-.... .__  .-.___ ii _‘.__.2.7097 (Vb) 93.27Total“ "5 g2.9051(vt) . H  P
***P<0.0001; Signiﬁcance test after 1000 permutations
4.2.20 Genetic distance and similarity
Nei’s (1978) unbiased genetic identity and distance estimated between pairs of
three populations of G. curmuca are presented in Table 29. The genetic distance
between Periyar and Chalakkudy River populations was 0.0739; between
Chalakkudy and Chaliyar River populations 0.1085; and between Periyar and
Chaliyar River populations was 0.1764. The results agreed with the geographic­
distances between the populations (Table 29).
Table 29. Nei’s (1978) genetic identity (above diagonal) and genetic distance
(below diagonal) using microsatellite markers in G. curnrmca:
geographical distances (in Km) are given in bracket
g Periyar 2  2 ggChalal<kudy‘_ 9 g_ ClialiyarPeriyar --—- 0.9298 0.8285Chalakkudy 0.0739 (00)  0.9003Chaliyar 0.l764 (220) 0.1085 (160) --—­
4.2.21 Dendrogram
On the basis of Nei's genetic distance values an UPG-l\/IA dendrogram was
constructed. The cluster values indicated distinct relationship between the 3
populations of G. curmuca (Figure 35). The high bootstrap values suggested, the
populations have a robust cluster.
4.2.22 Bottleneck analysis
The bottleneck results based on inicrosatellite data indicated clear mode shift of
allele diversity in all the populations in contrast to the expected L-shaped
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distribution, if the population followed mutation drift equilibrium (Figure 25a).
The probability values (Table 30) also indicated signiﬁcant genetic bottleneck in
G. curmuca populations.
Table 30. Analysis of genetic bottleneck in G. curmuca with microsatellitc markers
under inﬁnite allele model (IAM) and two—phased model (TPM).
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_i1 Heqi p, H“!  -_P ­
;Ccat_Q1 ­1. ­ 0.588 0.547 0.0866 1"“ 0.542 0.0842 1
A MFW01
‘_.
1 0.693 0.574 A; 0.0465 0.555 7 0.0279
MFW11 0.128
_1_ 0.112 0.0916 0.117 0.1210
MFW19 0.759 0.585 0.0074 0.641 IT 0.0173
iMFW-84 0.328
1
1. 0.316 0.1038 0.314 1 0.1407
MFW72 0.727 0.607 0.0345 0.600 0.0427
*1 Pproﬁ-18 0.472 0.0221 0.234 IJ . 0.0118
*Ppro126 0.592 0.518 0.0477 0.503 0.0349 1.
1 Wilc_0x0npTestp (P) 0.00622* i0.01141*
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0.499 0.0735
_1
0.524 0.0841
MFWO] 1
,_
0.565 0.2732 0.510 0.2502
MFW1] 0.282 0.241 0.0874 0.214 0.0804
1 MFW19 0.755 0.602 0.0342 0.681 0.0415
MFW36 0.327 1
..
0.206 0.0327 1 1 0.212
F 0.0202
34444 0.608 1 0.407 0.0392 0.502 0.0499
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1
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Heq: Heterozygosity expected at mutation-drift equilibrium; He; measured/observed
heterozygosity; * Signiﬁcant value (P<0.05); '1 two-phased model (TPM) is more suitable for
microsatellites according to Comuet & Luikart (1996).
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Fig. 18. Microsatellite pattern of locus CcatG1-1 in G. curmuca.
Lanes 1-4 samples from Periyar, 5-8 Chalakkudy and 9-12 Chaliyar Rivers.
M - molecular weight marker (pBR322 with Mspl cut)
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Fig. 19. Microsatellite pattern of locus MFW01 in G. curmuca.
Lanes 1-4 samples from Periyar, 5-8 Chalakkudy and 9-12 Chaliyar Rivers.
M - molecular weight marker (pBR322 with Mspl cut)
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_ Fig. 20. Microsatellite pattern of locus MFW11 in G. curmuca.
Lanes 1-4 samples from Periyar, 5-8 Chalakkudy and 9-12 Chaliyar Rivers.
M - molecular weight marker (pBR322 with Mspl cut)
Fig. 21. Microsatellite pattern of locus MFW19 in G. curmuca.
Lanes 1-4 samples from Periyar, 5-8 Chalakkudy and 9-12 Chaliyar Rivers.
M - molecular weight marker (pBR322 with Mspl cut)
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l'-"lg. 22. Microsatellite pattern of locus MFW26 in G. curmuca.
Lanes 1-4 samples from Periyar, 5-8 Chalakkudy and 9-12 Chaliyar Rivers.
M - molecular weight marker (pBR322 with Mspl cut)
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Fig. 23. Microsatellite pattern of locus MFW72 in G. curmuca.
Lanes 1-4 samples from Periyar, 5-8 Chalakkudy and 9-12 Chaliyar Rivers.
M - molecular weight marker (pBR322 with Mspl cut)
l
__> MFW26 "
120
ivl_ ' 2'3“4 S 6 M '
H - n W 1 »?wlWp; B
1...;
‘M~J
\_-J1‘
E-3
in-I
‘ma
‘,4
0
0
I
ll"
‘ 3
/i
\l
.3
I
I
l
l[
ll
Q-It-J
Ind
Q-O~ '
. V ' ‘T
Fig. 24. Microsatellite pattern of locus Ppro48 in G. curmuca
Lanes 1-4 samples from Periyar, 5-8 Chalakkudy and 9-12 Chaliyar Rivers
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Fig. 25. Microsatellite pattern of locus Ppro126 in G. curmuca
Lanes 1-4 samples from Periyar, 5-8 Chalakkudy and 9-12 Chaliyar Rivers
M - molecular weight marker (pBR322 with Mspl cut)
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Fig 25a Qualitative “mode-shift” indicator test to discriminate bottlenecked
Periyar
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populations of Gonoproktopterus curmuca from three rivers,
based on microsatellite allele frequency distribution.
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agcaggttga
acttggactt
agaacattca
959959959t
gaggactgca
ctttcaatta
NHWVO1
gtccagactg
gaaatgcagc
qtgtgtgtgt
aaatgtaaga
agcgtgactc
IWFWW1
gcatttgcct
gtctaacctt
gaggattttc
9t9t9t9t9t
actctaaacc
MFMH9
gaatcctcca
gtcgacgaat
gagcgtgact
cacacacaca
atcaacaaga
9
tcatttctcc
cattctattt
gtactttaaa
ggaggaatct
ggtcaaactc
attaagggaa
(NCBI GenBank Accession # DQ780014)
tcatcaggag
ctgctctgct9t9t9t9t9t
caggtacttt
agtgtacacc
(NCBI GenBank Accession # EF582608)
tgatggttgt
tctgtgggtc
cgtgtgttgt
qtqtqtqtqt
agacga
(NCBI GenBank Accession # EF582609)
tcatgcaaac
tcagattaca
gtacaatgag
cacacacaca
aatcacgaat
agctcagtga
ctggtctggc
9959959959
9959959959
aaaaaactaa
ggaacatttg
cttctgcgct
gtgaaagaat
qtqtqtqtqt
acagaggctg
tc
gacatttttt
tgttgtaagg
tgtgtgtgtggtgtgtctat
aqqqtaqq¢t
qatqqqqaat
tctgctaaca
cacagcacac
attggcacaa
CcatG1-1 (NCBI GenBank Accession # DQ780015)
gatcacaagc
tgccatttat
9959959959
9599599599
tcttgacacc
aaacacagca
tgaacctgat
qttqqtqtqt
t999595959
cattgtcatg
gatattcaaa
aaatgtgtgg
atgtgtgtgt
atgaagcagc
cgaccaagca
gagagcatcc
cacatcacaa
acacaggtgt
tgtggagttt
Fig. 25b. The nucleotide sequence of each microsatellite locus in G. curmuca.
Repeat sequences are given in red colour & primer sequences are in blue colour
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ccctgagata
aactaggttt
acacacacac
tccacgtttc
tggtg
IMFM/72
9¢aqt9g¢t9tcttttctat
tacatagata
atagatagat
ggatgtagtg
Ppro48
tgctctgctc
tgtctacaag
ctctcctgcg
ctgcttcaca
catcgcctgc
gtgtgcttct
cgccgaggct
Ppro 126
ctgcgtgtct
gttctctctg
acacacacac
tgctgactca
cttaaagtcc
tcgttcgaga
¢qg9a¢
gaaaccactg
tgttactaaa
acacacacac
gacacaacag
(NCBI GenBank Accession # EF582611)
gcaagttaat
acaacagtga
tgatagatag
atttttaaag
c
(NCBI GenBank Accession # EF582612)
tcctgcgtgt
ctgtccagaa
tgtcattacg
cacacacaca
aacaacaccg
ggtaqag¢gC
9
(NCBI GenBank Accession # EF582613)
gataactgtg
gacatctcct
atcacacaca
accagtttaa
cgggactccg
ccgaatcaaa
gacattaatt
acaaactgga
acacacaaaa
ttttcttttg
aaactttttt
ctgcatgata
*ataqatagat
attttaaaaa
cattctagca
t9aga9a¢99
gtgtcagcac
cacacacaca
ccgaggctgc
ctccaccgcg
actggtgact
caaacaactg
cacacacaca
ccacaaaccc
atcctctcgt
cctggacctt
MFW26 (NCBI GenBank Accession # EF582610)
ttaatattta
tagtttttac
tgtggaaatt
catccaagca
ttttatctgc
gatagataga
agatagatag
tgtgtgcagt
gaagcttttc
caatgctctg
taacgtctct
catctgaact
tcaacgaaaa
gcaacaacac
gcagacggcg
aaacacaccc
cacacactgt
ctcagacctt
gacgatatag
cttaaagtcc
F|g. 25c. The nucleotide sequence of each microsatellite locus in G. curmuca
Repeat sequences are given in red colour & primer sequences are in blue colour
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4.3 RAPD Analysis
4.3.1 Selection of primers
Thirty one oligonucleotide primers were selected from 80 primers (4 kits- 20
primers each from kit OPA, OPAA, OPAC & OPAH) on primary screening;
however, only 09 primers were selected viz, OPA-15, OPA-16, OPAA-07,
OPAA-08, OPAC-05, OPAC-06, OPAH-03, OPAH-17 and OPAH-19 for
population genetic analysis (Table 31).
Table 31. Number of RAPD fragments and their size range for each Operon primer
-Pr1_mer (iode Sequence" .1-'mgi:hgnr ts gS1ze_-range (-bp)
\OOO\JO\L/\-lhb->l\J--e
OPA -15
OPA -16
OPAA-07
OPAA-08
OPAC-05
OPAC-06
OPAH-03
OPAH-1'7
OPAH-I9 E
ttccgaaccc
agccagcgaa
ctacgctcac
tccgcagtag
gﬂlagtgcgg
ccagaacgga
ggttactgcc
Cagtggggag
ggcagttctc
06-l l
l0-l 4
08-l 2
04-08
07-16
06-10
05-l2
06-14
08-20
.1250 - 5000
0800 - 6500
H00 - 3550
1000 — 3500
0850 - 3400
I350 - 3400
1450 - 3250
H00 - 2250
0750 - 2250
4.3.2 Reproducibility of RAPD pattern
Reproducibility of the RAPD pattern was also tested in the present investigation at
various stages of process, leading to consistent banding pattern. with all ampliﬁed
primers. The ampliﬁcation results were routinely repeatable even after the DNA
was stored at -20°C for more than 6 months. demonstrating the robustness of the
technique.
4.3.3 Genetic variability
4.3.3.1 Number of ampliﬁed fragments
A total of 117 different randomly ampliﬁed DNA fragments from specimens of G.
curmuca were detected consistently with all 09 decamer primers in three
populations. The size of the fragments ranged from 800bp to 6500bp. The number
of fragments generated per primer varied from 04 to 20 (Table 32).
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Chaliyar River population: A total of 72 ampliﬁed DNA ﬁagments were detected
consistently with nine Operon primers in Chaliyar River population, and out of these.
18 (25.00%) fragments were polymorphic. The remaining 54 bands were monomoiphic
(75.00%). The primer-wise percentage ofpolymorphic bands ranged from 0% (OPAC­
06) to 33.33% (OPAA-07 & OPAH-17). The number of ﬁagments and polymorphic
bands for each primer are given in Table 32.
4.3.3.2 Linkage dilsequilibrium
Pairs of RAPD loci did not show any signiﬁcant linkage disequilibrium (‘P>0.05) in all
the populations of red tailed barb. It was therefore assumed that allelic variation at
RAPD loci could be considered independent.
4.3.3.3 Genetic diﬂkrentiation
The value of coefficient of differentiation (Ggy) was estimated for each primer across
all populations (Table 33). The maximum value of G51" (0.2924) was shown by the
primer OPAC-05, while the minimum value (01365) was shown by the primer OPAH­
17. The GST for overall populations was 0.2286.
Table 33. Co-efficient of genetic differentiation (GST) for overall populations
OPA -15
OPA -16
OPAA-07
OPAA-08
OPAC-05
OPAC-O6
OPAH-03
OPAH-17
0.2716
0.2173
0.1679
0.2416
0.2924
0.2735
0.1572
0.1365
0.1598
_ g Mean pm g ___QPAI-I: 9 0.2131Overall populations  V 0.2286
4.3.3.4 Stock-speciﬁc markers (Private alleles)
Several RAPD fragments showed ﬁxed frequencies in a particular population.
These could be used as stock-speciﬁc markers to distinguish the populations.
Overall 41 RAPD fragments were detected as stock-speciﬁc markers with 9
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RAPD bands were detected in Chaliyar population (Table 34).
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4.3.3.5 Genetic distance and similarity index
Nei’s (1978) unbiased genetic identity and distance estimated between pairs
of three populations of G. curmuca are presented in Table 35. The genetic
distance between Periyar and Chalakkudy River populations was 0.1013;
between Periyar and Chaliyar River populations 0.1903; and between
Chalakkudy and Chaliyar River populations was 0.1217. This indicates
Periyar River populations and Chalakkudy River populations are genetically
closer than Chaliyar River population. These results are in agreement with
the geographic distances between pairs of the populations.
Table 35. Nei's genetic identity (above diagonal) and genetic distance (below
diagonal), using RAPD markers in G. curmuca; geographical distances (in
Km) are given in bracket
r.¢;;@   Periyar  Chalalkkudyl Chaliyaroiii{I?b;pulations);§§yi . ._1w 9 i _. _:- .. .__R1ver-= River River
Periyar River **** 0.9014 0.8156
Chalakkudy River 0.1013 (60) **** 0.8735
Chaliyar River 0.1903 (220) 0.1217 (160) ****
4.3.3.6 Dendrogmm
Phylogenetic relationships among three riverine populations of G. eurmucu
were made based on RAPD data following the Un-weighted Pair Group
Method using Arithmetic average (UPGMA) method (Sneath and Sokal,
1973) implemented in PHYLIP (Felsenste-in, 1993), using POPGENE
ver.l.31 (Yeh et al., 1991). The binary data matrix was bootstrapped 1000
times (Winboot) and the high bootstrap values (above 90) suggested the
populations had a robust cluster (Figure 35).
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Fig. 26. RAPD pattern of G. curmuca with primer OPA-15.
Lanes 1-5 samples from Periyar, 6-10 Chalakkudy and 11-15 Chaliyar Rivers
M- molecular weight marker (ADNA with EcoR1 & Hindlll double digest)
l"_ ' ' ' " l '
Fig. 27. RAPD pattern of G. curmuca with primer OPA-16.
’ Lanes 1-5 samples from Periyar, 6-10 Chalakkudy and 11-15 Chaliyar Rivers
M- molecular weight marker (ADNA with EcoR1 & Hindlll double digest)
é I | | i I | i | I — |
Fig. 28. RAPD pattern of G. curmuca with primer OPAA-07.
Lanes 1-5 samples from Periyar, 6-10 Chalakkudy and 11-15 Chaliyar Rivers
M- molecular weight marker (ADNA with EcoR1 & Hindlll double digest)
Fig. 29. RAPD pattern of G. curmuca with primer OPAA-08.
Lanes 1-5 samples from Periyar, 6-10 Chalakkudy and 11-15 Chaliyar Rivers
M- molecular weight marker (ADNA with EcoR1 & Hindlll double digest)
Fig. 30. RAPD pattern of G. curmuca with primer OPAC-05.
Lanes 1-5 samples from Periyar, 6-10 Chalakkudy and 11-15 Chaliyar Rivers
M- molecular weight marker (ADNA with EcoR1 & Hindlll double digest)
I
Fig. 31. RAPD pattern of G. curmuca with primer OPAC-06.
Lanes 1-5 samples from Periyar, 6-10 Chalakkudy and 11-15 Chaliyar Rivers
M- molecular weight marker (ADNA with EcoR1 & Hindlll double digest)
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Fig. 32. RAPD pattern of G. curmuca with primer OPAH-03.
Lanes 1-5 samples from Periyar, 6-10 Chalakkudy and 11-15 Chaliyar Rivers
M- molecular weight marker (ADNA with EcoR1 & Hindlli double digest)
Fig. 33. RAPD pattern of G. curmuca with primer OPAH-17.
Lanes 1-5 samples from Periyar, 6-10 Chalakkudy and 11-15 Chaliyar Rivers
M- molecular weight marker (ADNA with EcoR1 & Hindlll double digest)
ii
Fig 34 RAPD pattern of G curmuca with primer OPAH-19.
Lanes 1-5 samples from Periyar 6 10 Chalakkudy and 11 15 Chaliyar Rivers.
M- molecular weight marker (ADNA with EcoR1 & Hmdlll double digest)
Allozymes
ChaliyarA Chalakkudy
“ii: Periyar
Microsatellites
RAPD
Chaliyar
Chalakkudy
Periyar
Chaliyar
Chalakkudy
Periyar020 015 O10 O05 O00
Fig 35 UPGMA dendrograms of three r|ver|ne populations of<
G curmuca based on Nei s (1978) pa|r wise genetic distance using
Allozyme Microsatellite and RAPD markers
The values at nodes represent bootstrap confidence levels (1000 replications).
1%Q
4.4 Comparative assessment of results of three markers
The results derived by using allozymes, microsatellites and RAPDs in
G0n0pr0kl'0preru.s' curmucu are compared as follows:
4.4.1 Number of loci and alleles
The number of loci obtained was 29 with fourteen allozymes; 8 loci with
microsatellites and 117 with nine RAPD primers. Altogether 31 alleles were
obtained in allozymes and 46 alleles in microsatellites (Table 36).
4.4.2 Percentage of polymorphic loci
In allozymes, 14 loci out of the 29 were polymorphic (48.28%); in microsatellites,
all the 8 loci were polymorphic (100%) and in RAPD analysis, 65 (55.56%) were
polymorphic (Table 36).
4.4.3 Observed and expected heterozygosities
In allozymes, the observed heterozygosity (Hobs) was 0.1514 and expected
heterozygosity (Hexp) was 0.2132. In RAPD, the average heterozygosity or gene
diversity (H) was 0.1848 and for microsatellites, Hobs and Hm, were 0.5249 and
0.5894 respectively (Table 36).
4.4.4 Genetic differentiation
The co-efﬁcient of genetic differentiation (PST or GST or RST) values for overall
population with allozymes, microsatellites and RAPDs were 0.0510, 0.0689 and
0.2286 respectively (Table 36). The pair-wise F 3'1" values between Periyar and
Chalakkudy populations of G. curmuca using allozymes and microsatellites were
0.04018 and 0.04723 respectively; between Chalakkudy and Chaliyar 0.04995
0.05202 respectively and between Periyar and Chaliyar 0.05994 and 0.06381
respectively. The pair-wise RST values with microsatellite markers between
Periyar and Chalakkudy, Chalakkudy and Chaliyar and Periyar and Chaliyar were
0.05472, 0.06121 and 0.08911 respectively (Table 37).
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4.4.5 Private alleles
In allozyme analysis, only one private allele was identiﬁed in LDH-2* (in
Chaliyar) (Table 11). In microsatellites total nine private alleles (four in Periyar,
2 in Chalakkudy and three in Chaliyar (Table 24) were obtained. With RAPD
markers, altogether 41 alleles were speciﬁc to different populations (Table 34).
4.4.6 Genetic distance and similarity
The comparison of pair-wise Nei’s genetic distance values for allozymes,
microsatellites and RAPDs are given in Table 37. The pair-wise genetic distance
values using allozymes, microsatellites and RAPDs between Periyar and
Chalakkudy were 0.0329, 0.1013 and 0.0739 respectively; between Chalakkudy
and Chaliyar 0.0501, 0.1217 and 0.1085 respectively; and between Periyar and
Chaliyar were 0.0702, 0.1903 and 0.1764 respectively.
4.4.7 The UPGMA based dendrogram
The UPGMA based dendrogram constructed using the three different genetic
markers are compared in Figure 35. Irrespective of the markers used, topologies
of the dendrogram exhibited similar pattern of genetic divergence in G. curmuca.
T
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5.1 Allozymes
5.2 Microsatellites
5.3 Random ampliﬁed polymorphic DNA (RAPDs)
,5.4 Comparative analysis of results with three markers in G.
curmuca.
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Gertetic markers can be used to address questions of relevance to the
management and conservation of fauna and ﬂora. Particularly in ﬁsheries science,
these genetic markers have been applied to three areas - stock structure analysis.
selective breeding programmes in aquaculture and taxonomy/systematics (Ward
and Grewe, l994a), with varying degrees ofsuccess (Carvalho and la-lauser, 19.94).
The detection of genetic variation among individuals is a requirement in all
applications of genetic markers at intra-specific level. Some applications will also
require the partitioning of variation among groups of individuals (i.e., groups
having different alleles or haplotype frequencies). Although some applications
will place greater emphasis on genetic differences among groups (stock structure)
(Carvalho and Hauser, 1.994) and some will focus on differences among
individuals within population (pedigree analysis), the detection of polymorphism
remains the key. The most common use of genetic markers in fishery biology is to
determine if samples from culture facilities or natural populations are genetically
differentiated from each other (Waldman and Wirgin, 1993; Ferguson and
Danzmann, 1998). The detection of stock differentiation would imply that the
source groups comprise different stocks (Carvalho and 1-Iauser, 1994) and should
be treated as separate management units (MUs) (Moritz, 1994). In general, the
objectives of the electrophoretic analysis of proteins and enzymes in different
commercially important ﬁn fish and shellﬁsh are to answer the basic fisheries
management questions such as (1) whether the allelic frequencies in the sample
populations are similar or different? (2) whether the observed or expected
genotype frequencies are in Hardy-Weinberg equilibrium? (3) what is the level of
the genetic variation in the species and its different populations? and (4) if the
populations are genetically homogenous or heterogeneous, then what are the
implications of the ﬁndings with reference to their exploitation, conservation and
management?
In the present study, the genetic characteristics of G0n0pr0kt0plerzz.s' curmuca, a
cyprinid, endemic to the Western Ghats region were analysed for discriminating
the natural populations by applying biochemical and molecular techniques viz., (1)
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electrophoretic allozymes analysis, (2) analysis of microsatellite markers and, (3)
analysis of patterns of random ampliﬁed polymorphic DNA (RAPD).
5.1 Allozymes
In the present study, the analysis of I4 allozymes with 29 loci gave sharp zones oi
enzyme activity, enabling proper interpretation of results, thus discriminating
three geographically isolated populations of G. curmuca. In population genetic
studies based on electrophoretically detectable banding patterns, the results and
their logical conclusion depend upon the accuracy with which the observed
bandingpatterns are interpreted. For this, repeatability and sharpness of bands are
essential.
5.1.1 Polymorphic allozyme markers
In G. curmuca, out of the 14 enzymes studied, 12 enzymes (I4 loci) were
polymorphic and they were used for the population genetic analysis of the species.
Genetic variability has been quantiﬁed in populations and species of many
freshwater teleosts, based on electrophoretically detectable polymorphic
allozyines. In the population genetic analysis of Barbus callensis, Berrebi el al.
(1995) used 10 polymorphic allozyme markers and a polymoiphic general protein.
In Cobitis sp., Perdices er al. (1995) reported variations in I5 allozymes helpful in
identifying the stocks of this species. In Tenualosa ilisha, Salini elf al. (2004)
used*3 polymorphic enzymes (5 loci) to detect genetic variation in Bangladesh
populations, while Lal er al. (2004a) reported polymorphism in 13 out of 26
scorable loci in the same species from the River Ganges. Peres er al. (2002)
studied I4 enzymatic systems out of which eight loci were polymorphic in
Hoplias malabaricus in the upper Parana River ﬂoodplain in Brazil. Appleyard
and Mather (2002) reported 25 polymorphic allozyme loci out of 50, helpful to
screen differences in two stocks of Ore0chr0mi.s' nil0tz'cus; red hybrid tilapia and
O. m0.s‘sambicu.s‘. Menezes (1993) reported I9 loci from I0 allozymes in oil
sardine, Sardinella longiceps from the western coast of India, but no polymorphic
locus was detected by the 95% criterion. Rognon er al. (1998) reported I6 enzyme
I40
\
K»   .
i
systems out of which 13 polymorphic (23 loci) in Clarias garr'epz'nu.s', C.
anguillaris and C. albopzmctalus to score both intra and inter-speciﬁc differences;
while Agnese ez al. (1997) studied 13 polymorphic loci for comparing Clarias
gariepinus and C. anguillarzls. ln different species of pangasiid catfish, Pouyaud el
al. (2000) studied the 16 allozymes having 25 polymorphic loci from South-East
Asia in Pangasius and Helz'c0phagu.s' species. Suzuki and Phan (_l99Oa,b) used 10
enzymatic systems in 6 species of marine catfishes (Family: Ariidae) to study
intra-speciﬁc variations and inter-speciﬁc relationships and they reported that six
out of 17 loci were polymorphic. In Indian mackerel, Rastrelliger kanagurta,
Menezes er al. (1990) reported only 3 polymorphic loci among the ll loci studied
from the coastal waters of Peninsular India and the Andaman Sea and suggested
the number of polymorphic allozyme markers is generally less in marine
compared to that of freshwater tinﬁsh species. Migration, egg and larval dispersal
through water current and lack of population subdivision can be the reasons for
the lack of genetic differentiation among the populations in marine teleosts (Grand
et al., 1984; Menezes er al._, 1993) compared to that of freshwater ﬁsh species.
In all the above examples and in the present study, several polymorphic allozymes
were common viz, AAT, EST, G6PDl'—l, GPI, LDH, PGM, SOD etc indicating their
usefulness in delineating intra-speciﬁc differences. ln G. curmuca, these
allozymes were found to be helpful in estimating the degree of divergence.
Allozymes such as MDH, GAPDH, ME and XDH etc. are rarely used in stock
structure studies in freshwater fishes. G(,P.DH allozyme pattern did not exhibit
sex-linked inheritance in G. curmuca, unlike in human beings (Richardson er 01..
1986). Both male and female individuals exhibited homozygote and heterozygote
patterns for this enzyme. However, the chromosomal mechanism of sex
determination is yet to be studied in this species.
5.1.2 Amount of genetic variability and Hardy-Weinberg Equilibrium
The measurement of natural genetic variability is the first step in the study of
population genetics, especially in the differentiation of genetically discrete stocks.
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The estimated values for average observed number of alleles (na), effective
number of alleles (ne), percentage of polymorphic loci and average heterozygosity
(H) for the populations of a species are considered as indicators oil’ the actual level
of genetic variability in that species. Statistically significant differences in these
values, particularly in the heterozygosities and allele Frequencies between any two
populations of the species are evidences oi‘ their reproductive isolation (unless
they are not sympatric), in other words. the two populations belonging to
genetically different stocks do not interbreed (Allendorf er 01., 1987; Ayala and
Keiger, 1980; Bye, 1983; Altukov, 1981).
Genetic diversity expressed in terms of mean observed number of alleles (na), is
usually higher in species with wider geographic ranges, higher fecundity‘. greater
longevity and larger population sizes (Nevo er a/.. 1984). The mean value of na in (J.
curmuca (1.653 8) collected from 3 geographically distinct rivers exceeds that ofmany
ﬁeshwater species like Tenualosa z'lz'.s'ha (na = 1.49, Lal er al.__ 2004a) and Cirrhinu.s'
mrigala (na = 1.31, Singh er al._. 2004). Chauhan ell al. (2007) ObS€1'V6(l a mean number
of alleles per locus ranging from 1.32 to 1.41. for allozyme loci in Indian l\/lajor Carp,
Cirrhinus mrigala. In common carp, mean number of 1 .06 to 1.81 alleles per locus was
reported by Kohlmann er al. (2003). In another cyprinid belonging to the Genus
Leucz'scu.s', at allozyme loci, a mean number of 1.0 to 1.3 alleles per loci were observed
(Coelho er al., 1995). Also, these results are comparable with those reported for four
species of marine catﬁshes (family: Ariidae) ﬁ‘om (Suzuki and Phan, 1990b) and
coconut crab (Birgus latro) from the Vanuatu Archipelago in the Paciﬁc Ocean (Lavery
and Fieldder, 1993). Appleyard and Mather (2002) also reported a value ofna (1.1665)
for Oreochromis niloticus, O. mossambicus and their red hybrid. Slightly lower values
of na (l.3475) were reported in catﬁsh species like Clarias gariepinus, C. anguillaris
and C. albopunctatus (Rognon at aI., 1998) and in pangasiid catfishes (1.305) (Pouyaud
etal., 2000).
The mean value of polymorphic loci (P095) across populations was 0.43 (43%) in
G. curmuca. The percentage of polymorphic loci ranged from 3.7% to 18.5% in
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different populations of the cyprinid, Leuci.s'cu.s' sp. (Coelho er a/.. 1995); whereas
6.2% to 43.8% of polymorphic loci were observed by Kohlmann er at (2003) in
different allozymes in Cyprinus carpio and 22% to 27% polymorphic loci in
Cirrhinus mrigala by Chauhan el al. (2007). The values of polymorphic loci
exhibit a wide range, from 8-48% found in Cobitis calderoni and C. maroceanu
(Berrebi er al., 1995); 27% in Paciﬁc herring (Grand and Utter, 1984); 50% in
Cyprinus carpio (Kohlmann and Kersten, 1999); 28% in Alphanius _ﬁzcscz'atu.s'
(Maltagliati; 1998); 37.5% in Hoplias malabaricus (Peres er al., 2002) and 100%
in Tenualosa ilisha (Salini er al., 2004). The value is more over similar in ﬁshes
like Clarias gariepinus (P095 = 48%) and greater than. C. anguillaris (P095 = 28%,
Rognon er al. (1998)), but lower than that of Pangasz'u.s‘ species (P095 = 100%),
reported by Pouyaud er al. (2000). In Oreochromis m'l0ricu.s', O. m0.s's'ambicus' and
the red hybrid of both species, Appleyard and l\/lather. (2002) obtained 50%
polymorphic loci with the criterion P095 which is comparable with that of G.
curmuca. In some marine species, lower values of polymorphic loci were
repo1ted(Menezes er al., 1993; 1994; Begg er al., 1998).
The best estimate of genetic variation in natural population is the mean
observed heterozygosity (Hobs) per locus (Allendorf and Utter, 1979). The
values of Hobs vary non-randomly between loci, populations and species. To
avoid serious error in the estimation of Hobs, a large number and wide range
of allozyme loci should be examined (Allendorf and Utter, 1979). On the
basis of 14 polymorphic loci, the mean observed heterozygosity (Hobs) per
locus was 0.1560 for Periyar River population, 0.1538 for Chalakkudy River
population; 0.1445 for Chaliyar River population and the mean value for
overall population was 0.1500. The Hob; value falls within the range reported
for many authors in freshwater ﬁshes (Berrebi er al., 1995; Grand and Utter,
1984; Kohlmann and Kersten, 1999; Lal er al., 2004a; Singh er a1.. 2004;
Salini er aZ., 2004; Maltagliati, 1998; Menezes er al., 1993; Menezes, 1994;
Begg er aZ., 1998) and tiger prawn (Penaeus monodonj (Benzie er al., 1992;
1993; Sugama er al., 2002).
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The observed heterozygosity (Hobs) values obtained in the present study in G.
curmuca are lower than that of the expected values (Hexp), indicating the
deﬁciency of heterozygotes except in one locus (EST-1*) in Chalakkudy and
Chaliyar populations. All the loci (except EST-1* in Chalakkudy and Chaliyar
Rivers) deviated signiﬁcantly from Hardy-Weinberg equilibrium (HWE) after
Bonferroni correction was applied. The F15 (inbreeding coefficient) ﬁgures were
found to deviate significantly from zero in several loci in all three populations.
Generally, where the loci did not confonn to HW expectations, a signiﬁcant lack of
heterozygotes was observed as evidenced from the positive F13 values (Table 12).
Under Hardy-Weinberg Equilibrium allele frequencies are stable from one
generation to the next. Deviations from the frequencies expected under HWE
provide evidence that the assumptions of HWE are violated in natural populations
of G. curmuca. This could be due to non-random mating or effect of other
evolutionary forces like selection/migration or reduction in effective breeding
population. Mixing of non-native genetic stocks can also be another reason. G.
curmuca fetches a high price as ornamental and food fish and there has been a
massive exploitation for the species for aquarium trade over the last several years
and its drastic decline in rivers was recorded in 1997 itself in the CAMP
workshop (Anon, 1998) leading to it bearing an ‘endangered’ status as per latest
IUCN categorization. Deﬁciency of heterozygotes and deviations from HWE in
red-tailed barb hence can be due to inbreeding, a situation caused by over­
exploitation leading to decline of species in the wild. Other factors responsible for
signiﬁcant deviation from HW model may not hold true for G. curmuca as
samples were collected from geographically isolated river systems (minimum
distance between Periyar River and Clialakkudy River 6OKm and between
Chalakkudy River and Chaliyar River l6()Kn1_; these rivers ﬂow westwards almost
parallel, having no inter-connecting channels and open directly to the Arabian sea
or Vembanad backwaters). Ranching and restocking of rivers with seeds of G.
curmuca has not been attempted so far, hence mixing of non—native genetic stocks
can also be ruled out. Similar situation was reported in pearl oyster (Sapna, 199 8‘),
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brown trout (Colihueque er al., 2003) and coconut crab (Lavery and Fielder, 1993;
Lavery er al., 1996). Further analysis of the data using software such as
"Bottleneck" indicated the populations of Gcurmuca had undergone demographic
bottleneck in recent times (discussed in detail in pages 148-149).
Appleyard and Mather (2002) attributed the lack of heterozygotes at some
allozyme loci due to scoring difﬁculties especially at EST-1 * (liver) and MEP* in
tilapia, with cellulose acetate gel electrophoresis (CAGE). They reported that
scoring of these two loci and Aldehyde dehydrogenase (ALDH-2*) was difficult
as allozyme products of these loci exhibited complex and un-interpretable
variations. However, in the present study, using polyacrylamide electrophoresis
(PAGE), the EST and MEP bands obtained were always sharp (ALDH not tried)
and scoring difficulties were not encountered.
5.1.3 Linkage disequilibrium
No allozynie loci showed linkage disequilibrium (after Bonferroni correction) in
any of the three populations of G.curmuca. It is therefore assumed that allelic
variation at allozyme loci could be independent as observed in many species of
ﬁshes (Weir, 1979; Rognon er al., 1998; Sapna. 1998; Pouyaud er ul., 2000; Cook
er al., 2002; l\/Ic-Glashan and Hughes, 2000; Rebcllo, 2002; Appleyard and Mather
2002).
5.1.4 Private alleles
A locus at which complete differentiation exists between two populations can he
used to diagnose the population to which an individual be-longs (Ayala, 1975).
One (LDH-2*) private allele was observed in G. curmuca, in Chaliyar River
population in the present study (Table 11). Many authors showed that the private
alleles can be used to distinguish stocks or to discriminate species. Peres er al.
(2002) reported the two private alleles, one in G6PDH-.1 speciﬁc to Parana River
population and the other in MDH-A; speciﬁc to the lagoon population in Hoplias
malabaricus. Salini er al. (2004) reported two private alleles (second allele of
LDH-m in the 8th population and third allele of MDH-I in the Sn‘ population) in
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T enualosa ilisha in the Bangladesh region. The occurrence of 7 private alleles in
210 individuals of H. br'c:¢'hy.s‘(nrza as reported by Muneer (2005) indicated
physical isolation and genetic differentiation and usefulness of these alleles in
identifying distinct populations of the species. Agnese er 01. (1997) reported 14
private alleles in 13 polymorphic allozyme loci in C. gurie;2z'nz.(.s' and (_.‘.
anguillarz'.s'. Rognon at al. (1998) showed that private alleles we.1'e» helpful in
distinguishing clariid catfishes, C. gar2'epz'nu.s', C. ungm'Hur:'.s". C, 01/i0punc'!aru.s'
and lflelerohmnchus loggffilis. Pouyaud er 01. (2000) distinguished pangasiid
species with 42 private alleles in 16 polymorphic loci. The private allele (at LDH­
2* locus, Rf value 78) obtained in the present study can be used to distinguish G.
curmuca stock from Chaliyar River.
5.1.5 Population genetic structure
Pair-wise comparisons between different riverine locations for allelic
homogeneity in G. curmuca yielded signiﬁcant deviations at all loci in their
frequencies after levels are adjusted for Bonferroni correction. This suggests
partitioning of the breeding population, limitation in migration between different
areas and existence of distinct stock structure among populations. The statistics
F5-T refers to the genetic differentiation of sub-populations within the total
population and it describes how much variation in allele frequencies is present
between the local populations. Fgr values vary between 0 and 1; with 0 indicating
no differentiation (random mating between individuals of the populations) and l
complete differentiation between populations (Beaumont and Hoare, 2003).
Negative PST values are also reported sometimes due to the computation methods
used by the estimator, but treated equal to zero (Balloux and Lugon-Moulin, 2002;
Hardy er al._. 2003). The overall value (0.0510) of the coefficient of genetic
differentiation (F51) among samples also indicates that there is genetic
differentiation into local populations in the species (Table 14). There was
considerable heterogeneity between loci, with estimates of overall population PST
ranging from 0.0267 to 0.0704 due to population differences. Rognon er al.
(1998) reported a lower yet significant FST value (= 0.044) for populations of
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Clarias gariepinus with allozymes. Appleyard and l\/lather (2002) reported high
PST values (0.501 to 0.598) in two species of Oreochronzix (O. m'l0tz'cu.s' and O.
m0s.s'amhz'cus) indicating there was little evidence of introgression between
species. A very high F5-r value (0.814) was reported by Perdices er al. (1995) in
the populations 011 the genus C0/.)il‘i.s'. Coelho er al. (1995) reported the range of
overall population F51‘ values of 0.044 to 0.863 in .Leucz'.s'(:us pyrenaz'cus and L.
carolirerrii. Genetic relatedness of G. curmuca populations derived from pair-wise
F51 (0) between populations using allozyme data differed signiﬁcantly (P <
0.0001) from zero for all pairs of riverine locations indicating signiﬁcant
heterogeneity between populations. In the present study, the overall and pair-wise
PST values were moderately low but were highly signiﬁcant (P<0.000l) and fell
within the range reported for freshwater ﬁshes (Ward er al., 1994b). Similar
overall and pair-wise FST values and signiﬁcant levels of genetic differentiation
among populations were also reported in Australian freshwater ﬁsh
(Crat'er0cephalu.s' .s'Iercu.s'muscarum) using allozyme markers (McGlashan and
Hughes, 2000) and stocks of freshwater prawn, Macrobrachium auuraliense
between river catchments in Australia (Cook at al 2002).
The signiﬁcant PST estimation (0) based on allozymes in the present study also
comparable to that obtained using microsatellite markers in G. curmuca
(discussed in microsatellite section in this thesis). AMOVA analysis of the data
also indicated signiﬁcant genetic differentiation among sampled population
(Table 17). These values of total genetic differentiation (from F-statistics and
AMOVA) were close to those reported in other ﬁshes (McGlashan and Hughes,
2000'; Cook er al., 2002). Genetic differentiation can be influenced by a number
of evolutionary forces and their interaction that act on natural populations
including migration, random genetic drift and mutation (Hartl and Clark, 1997).
Random genetic drift will tend to cause genetic differentiation, after sub­
populations are fragmented and gene flow between them in either reduced or
absent (Slatkin and Barton, 1989). The geographical barriers (land mass) between
different river basins selected in the present study do not permit mixing of fish
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populations even during ﬂood. Absence of gene ﬂow among populations could
be the major reason for the random genetic drift and subsequent genetic
heterogeneity among G. curmuca populations in the river systems sampled here.
The occurrence of private or locality speciﬁc alleles also argues in favour of
absence of gene ﬂow among populations.
5.1.6 Genetic distance values
The genetic relationship among populations in G. curmuca was determined using
Nei’s genetic distance measure. The genetic distance values ranged from 0.0329
to 0.0702, and the values were close to the average obtained by Shaklee er al.
(1985) for con-speciﬁc populations of marine and freshwater fish (D = 0.05 and
I=0.977). Based on the genetic distance, a UPGMA dendrogram was constructed
for the G. curmuca that showed three populations as three distinct groups with the
Chaliyar stock farther from Chalakkudy and Periyar River populations. In Clariid
cattishes, l\lei’s genetic distance at intraspeciﬁc level ranged from 0.008 to 0.29 in
Clarias gariepz'nus,' and 0.005 to 0.043 in C. anguz'Zlarz's (Rognon er al., 1998)
with a mean genetic distance of 0.207i0.08l between the species (Rognon er al.,
1998). Berrebi er al. (1995) reported a genetic distance (D) value of 0.379
between Morocco and Tunisian populations of Barbus barbus. In 1984, Grand
and Utter reported the average intra-populational genetic distance value of 0.039
in Paciﬁc Herring (Clupea palIasz'). In marine species due to the exchange ol
individuals low genetic heterogeneity is generally recorded. This is supported by
low values of genetic distances. Benzie er al. (1992) reported a very low value ot
genetic distance in populations of Penaeus monodcm in Australia ranging from
0.000 to 0.015.
5.1.7 Bottleneck Analysis
Populations that have experienced a recent reduction of their effective population
size exhibit a correlative reduction of the allele numbers (bk) and gene diversity
(He or Hardy — Weinberg heterozygosity) at polymorphic loci. But the allele
numbers are reduced faster than the gene diversity. Thus in a recently
l 48
\
5
V --_.,{ >~ . .
bottlenecked population, the observed/measured gene diversity is higher than the
expected equilibrium gene diversity (l-Ieq), which is computed. from the observed
number of alleles (k) under the assumption of constant- size (mutation-drift
equilibrium) population. The programme BOTTLENECK (Cornuet and Luikart,
1996) was used to detect past population reduction by testing for a transient (~0.2
to 4.0 Ne generations) excess in measured heterozygosity compared with the
expected heterozygosity at mutation drift equilibrium. This excess in
heterozygosity is generated because rare alleles are quickly lost due to driﬁ during
a bottleneck, but they contribute little to the expected heterozygosity (Pearse er
aI., 2004; Slatkin, 1985). It is crucial to identify populations that have undergone
ancient and recent bottlenecks. because they may have been affected by the small
population size through demographic stochasticity, inbreeding or fixation of
deleterious alleles, possibly leading to a reduced evolutioiiary potential and
increased probability of extinction. The distribution profile of the allozyine
alleles, heterozygosities, heterozygosity excess [where the intinite allele
model(lAl\/1)] indicated clear mode shift of allele d.iversity in all the populations of
G. curmuca in contrast to the expected L-shaped distribution. The probability
values also indicated evidence for recent declines in population size. The results
are in concordance with the observations based on microsatellite markers in the
present study (discussed in microsatellites section). Although the Kerala State
Fisheries Department do not have the data to judge any historical evolution in
inland fisheries mortality, ‘the Conservation Assessment Management Plan
(CAMP) workshop held at NBF GR in l997 (Anon., 1998) had clearly indicated
depletion in the population size of G. curmuca in the Western Ghats Rivers as a
result of over-exploitation, destructive ﬁshing practices and habitat alterations.
Over-ﬁshing in vulnerable areas, especially at the spawning sites, destruction ot
spawning habitats will lead to a reduction in effective population size and yield
(So er a1., 2006). Probably these anthropogenic inﬂuences would have led to the
loss of genetic diversity, genetic bottleneck and population viability of G.
curmuca, as reported in sutchi catﬁsh, Pangasianodon hypopthalmus (So er al.,
2006) and in Atlantic salmon (Salmo salar) by Ayllon er al. (2004).
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In conclusion, the allozyme studies alone provide positive proof for the existence
of genetically different stocks of G. curmuca in the 3 rivers along the Western
Ghats region, India. Occurrence of distinct stocks of red-tailed barb can be
interpreted in two ways: 1) lack of gene flow between populations as a result of
geographic isolation so that forces such as random genetic drift had operated to
cause genetic divergence and 2) local genetic adaptations to different
environmental conditions.
Piel and Nutt (2000) suggested that allozymes are not useful markers for
population genetics, mainly because of low polymorphism levels that decreased
the ability to detect population structure and differentiation. Bye and Ponniah
(1983) opined, as the allele frequencies involved only the conserved structured
proteins that comprise approximately 1% of the total genome of an individual,
allozymes were not always ideal to screen genetic divergence at intra-specific
level. In addition, it is estimated that only less than 25% of amino acid
substitutions are detectable by conventional gel electrophoresis (Bindhu Paul,
2000). Allendorf er al. (1987) and Cagigas er al. (1999) pointed out, given the
requirement of neutrality for a genetic marker, proving that any allozyme marker
may not be affected by selective effects seems to be largely difficult and other
markers such 'as microsatellites are better for population genetic studies.
Nevertheless, Ayala and Keiger (1980) opined that the success of detection of
naturally existing discrete stocks of organisms using allozymes may depend on
the screening of large number of loci so as to discover few loci that are
polymorphic and heterogenic with reference to allele frequencies that can serve as
potential genetic markers for genetic stock differentiation. However, significant
genetic differentiation among populations of G. curmuca was obtained in the
present study with allozymes that are the products of functional genes. This
ﬁnding is of considerable importance because, (1) the extent of differentiation has
reached upto the level of slow — evolving, functional nuclear genes, and (2) the
slow evolving nuclear genes have reached equilibrium between gene ﬂow and
genetic drift as the river basins were last colonized by G. curmuca (Slatkin and' 150
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Barton, 1989; Slatkin, 1985 & 1993). There are similar reports of signiﬁcant
stock differences detected using only allozymes in fishes and shellfishes (Utter,
1989; Ihssen ct al., 1981b; Altukhov, 1981; Lester and Pante, 1992) and several
papers on ﬁsh showing same pattern of genetic divergence when allozymes are
used along with other genetic markers such as microsatellites, RAPDs, mtDNA
and single copy nuclear DNA even though genetic variation within samples was
lower for allozymes than for other molecular markers (McDonald er al., 1996;
Cagigas er al; 1999; Buonaccorsi er aZ., 1999; McG1ashan and Hughes, 2000;
Cook 6:01., 2002; Appleyard and Mather, 2002; Colihueque el 02., 2003). In the
present study also, the pattern of ‘genetic variability and divergence recorded
within and between populations of red-tailed barb using allozymes were low as
compared to that of RAPDs and microsatellites. But overall broad overlap of
divergence levels from allozymes to molecular markers (RAPD and
microsatellites) in this study suggests that all 3 sets of allelic frequency
distributions represent neutral markers in G. curmuca, as reported in above
mentioned studies. Therefore, the present work on red-tailed barb shows that the
analysis of allozymes can still be an effective tool to evaluate genetic
differentiation in fish, as long as proper screening methods are applied and
sufficient numbers of polymorphic and heterogenic loci were detected.
5.2 'Micr0sate1lites
Microsatellites are co-dominant markers and inherited in Mendelian fashion,
revealing polymorphic amplification products helping in characterization of
individuals in a population. Many features of microsatellites render them
invaluable for examining fish population structure. High frequency of occurrence
and uniformity of distribution within most eukaryotic genomes and high levels of
variation have fostered a growing appreciation of their use in genome mapping,
paternity and forensic science (Gopalal<rishnan and l\/Iohindra, 2001). Because of
their extremely high levels of polymorphism they are widely used in stock
structure studies in a number of species (Zardoya er al.._ 1996: O'Connell and
Wright, 1997; ‘Ferguson and Danzmann, 1998). In microsatellites the mutation
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rates are very high. The fast rates of microsatellite evolution are believed to be
caused by replication slippage events (Zardoya er al., 1996).
Understanding the mu.tation model underlying microsatellite evolution is of great
importance for the development of statistics accurately reﬂecting genetic
structuring. Two models of mutation generally proposed to account for variation
at microsatellite loci are the stepwise mutation model (SMM) (Rousset, 1996) and
the inﬁnite allele mutation model (IAM) (Scribner er al., 1996). The SMM
predicts mutation occurs through the gain or loss of a single repeat unit, e. g., GT.
This means that some mutations will generate alleles already present in the
population. According to SMM, alleles of very different sizes will be more
distantly related than alleles of similar sizes. In contrast, the TAM predicts that
mutation can only lead to new allelic states and may involve any number of repeat
units (Estoup er 01., 1995; O'Connell el al., 1997). IAM does not allow for
homoplasy and identical alleles share the same ancestry and are identical by
descent (IBD). Even though SMM is thought to reﬂect more accurately the
mutation pattern of microsatellites (Balloux and Lougon-Moulin, 2002), it is
considered rather to be an unrealistic model as the microsatellite mutation process
is often known to deviate from a strict SMM (Cornuet and Luikart, 1996). Hence,
the two-phase mutation model (TPM) was followed for analysis such as
bottleneck in the present study as it is intermediate to the Sl\/11\/'1 and l/\l\/l and
most microsatellite loci better tit in this model (Cornuet and Luil<art__ 1996).
Many microsatellite loci despite their extremely Fast rates ol‘ repeat evolution are
quite consewative in their ﬂanking regions and hence can persist for long
evolutionary time spans much unchanged. Due to this, primers tleveloped for a
species from the ﬂanking regions ofa microsatellite locus can be used to amplify
the same locus in other related species (Galbusera <21 01., 2000). Generally, the
development of new species-speciﬁc mic-rosatcllite primers is by constructing
microsatellite enriched genomic libraries and subsequent screening of the colonies
that is expensive, time-consuming and laborious, but the above mentioned
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attractive alternative option is cheap and fast. Primers developed for a species by
this method have been successfully tested for “cross-species ampliﬁcation” or
“cross-priming” in its related species in several teleosts, including Asian cyprinids
(Zardoya er al., 1996; Scribner er al., 1996; Galbusera er al._, 2000; Mohindra el
al., 2001a, 2004, 2005; Lal el‘ a!., 2004b; Gopalakrishnan er 01., 2004; Chauhan er
al., 2007) and it was possible to obtain a set of useful markers for each study
species by cross-priming.
In the present study, altogether 40 primer pairs developed for six (resource)
homologous ﬁsh species belonging to the Order Cyprinifonnes were evaluated for
cross-species ampliﬁcation of microsatellite loci in G0noprokioprerus curmuca.
Successful cross-priming was obtained with 8 primer pairs and all the 8 loci were
polymorphic and ideal to be used as markers in stock identification studies.
However. the optimum annealing temperature to get scorable band in G. curmuca
slightly differed from that reported for the respective primer pair in the resource
species. Zardoya el al. (1996) and Galbusera er al. (2000) also reported necessity
of optimization of PCR conditions for the study species in cross-ampliﬁcation
tests. Cross-species ampliﬁcation of primers of the Order Cypriniformes in G.
curmuca shows the evidence of remarkable evolutionary conservation of
microsatellite ﬂanking regions (l\/IFRs). Similar results are reported in other fishes
(Mohindra er‘ al., 2001a, b; 2002 a, b, c, 2004, 2005; Lal er aZ., 2004b; Das and
Barat, 2002 a, b, c; Gopalakrishnan er al., 2002, 2004; Das er 01.. 2005; C-hauhan
er al., 2007). Zardoya er al. (1996) also reported that homologous microsatellite
loci could persist for about 300 million years in turtle and ﬁsh and their ﬂanking
regions are highly conserved. The successful cross-species ampliﬁcation of
primers of other species in G. curmuca supports this view.
The present study demonstrated successful cross-priming of microsatellite loci,
between the ﬁsh species of the same family. Also, in some other works, certain
sequences ﬂanking the tandem repeats could be conserved even between the
different families as reported by Scribner er al. (1996), Zardoya er al. (1996) and
153
Muneer (2005). Similarly, mic-rosatellites isolated in domestic dogs were used in
studies ofa variety of canid species (Gotelli er aZ., 1994; Roy er ul., 1994). Moore
er al. (1991) also found microsatellites were conserved across species as diverse
as primates, arriodactyls and rodents. All these results indicate the highly
conserved nature of some microsatellite ﬂanking regions even across orders in
different taxa and they can persist for long evolutionary time spans much
unchanged. The use of heterologous PCR primers would signiﬁcantly reduce the
cost of developing similar set of markers for other Cypriniform species found in
India.
There are several separation methods currently employed to determine the length
of the PCR product in microsatellite analyses among which, native or denaturing
Polyacrylamide gel electrophoresis (PAGE) is commonly used. The ampliﬁcation
products in PAGE are typically visualized with radioactive labeling, fluorescent
dye labeling or silver staining. Visualization methods with radioactive /
ﬂuorescent dye labeling are either hazardous or expensive. Highly sensitive
capillary electrophoresis and automated genotyping units also have been used to
accurately determine length polymorphism of microsatellite makers (Wang er al.,
2003); but these methods require sophisticated and costly instruments and
ﬂuorescently tagged primers, which are expensive. The vertical native PAGE
(slab gel) system (lO0mm height X 100mm wide X 1mm thick; Amersham
Biosciences, USA) with silver staining protocol used in the present study was
inexpensive and capable of separating DNA fragments that differed by as little as
2 base pairs (conﬁrmed after sequencing the PCR products) as reported by Wang
er al. (2003). The cost per gel excluding the PCR cost is currently estimated at
about Rs.60/- ($1.50). This system has been successfully used for genotyping
microsatellite markers in many teleost (Cypriniform, Siluriform and
Osteoglossiform) species (Chauhan er al., 2007; Gopalakrishnan er al., 2004,
2006'a; Lal er 01., 2004a, 2006; Mohindra e! al., 2001a, 2005. 2008; Muneer,
2005; Punia, er al., 2006) and could be a valuable and cost effective tool for
researchers employing microsatellite markers in other species.
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5.2.1 Type and relative frequency of microsatellite arrays observed
In G. curmucci, 9 ampliﬁed presumptive microsatellite loci were cloned and
sequenced and among these, 8 loci were confirmed to contain microsatellites. The
tandem repeats of the microsatellite loci observed in the present study are
comparable to that of the resource species. The GATA and CA repeats (MF W 72;
MFW01, MF W] 1, MF W1 9, MF W26, Ppr048 and Ppr0]26 primers) of the
resource species, Cyprinus carpio and Pimephales pl’()H-7610.8‘ are exactly similar in
G. curmuca, though the numbers of repeats varied. But, the GATA repeat of the
microsatellite locus in CcatG/-1 (resource species, Carla carla) differed in G.
curmuca and replaced by GGA repeats. This can be due to the extremely fast rates
of repeat evolution that may differ among loci, but keeping the highly
conservative ﬂanking regions unchanged, as reported by Zardoya cl al. (1996) in
cichlids and other Perciform ﬁshes. The present study found GT and CA rich
microsatellites abundant in G. curmuca which is in conformity with the published
reports (Na-Nakorn er al., 1999; Krieg er al., 1999; Neff and Gross, 2001;
Watanabe er al., 2001; Usmani er‘ al., 2001). The types of dinucleotide
microsatellite arrays observed in G. curmuca are similar to the ones from
salmonids (O’Connell er al., 1997; Estoup er al., 1993; Sakamoto er al., 1994;
McConnell er al., 1995). Generally, most of dinucleotide alleles are always visible
as a ladder of bands rather than a single discrete product due to slipped-strand
mispairing during PCR (Weber, 1990). This was not the case with the primers
used in the present study, which always gave clear and discrete bands.
5.2.2 Genetic variability and Hardy-Weinberg Equilibrium
The number of alleles at different microsatellite loci in G. curmuca varied from 3
to 7 with an average value of 5. Primers CcatGl, MFW01, MFWl 1, and MFW19
exhibited maximum allele number (7) compared to other primers (three to six
alleles). High microsatellite allele variation was recorded in Thai silver barb
(Puntius gomhnorus) in four mic-rosatellite loci with an average of 13.8 alleles per
locus (Kamonrat, 1996); and in a number of marine ﬁshes such as whiting (14-23
alleles/locus) (Rico er aZ., 1997); red seabream (16-32 alleles/locus) (Takagi cl ul._._
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1999a); Atlantic cod (8-46 alleles/locus) (Bentzen er al., 1996) and in seabass (4­
11 alleles/locus) (Garcia de Leon er al., 1995). However, a low variation was
observed among microsatellite loci of some other ﬁshes such as brown trout (5-6
alleles /locus) (Estoup er al., 1993) and northern pike (3-5 alleles/locus (Miller
and Kapuscinski, 1996). Neff and Gross (2001) reported mean number of alleles
at different microsatellite loci of 27 species of marine and freshwater ﬁnfishes as
13.7 1 9.1 for an average allele length of 23.0 1 6.0. They also reported a positive
linear relationship between microsatellite length and number of alleles across all
classes and within classes. Low values for mean number of alleles were recorded
for many ﬁsh species such as African catﬁsh (7.7; Galbusera er al., 19.96);
Atlantic salmon (6.0; McConnell er aZ., 1995); Chinook salmon (3.4; Angers er
al., 1995) and northern pike (2.2; Miller and Kapuscinski, 1996) as in the present
study. One reason for the low level of allele variation is probably the small sample
size (Galburusa er a/._. 1996). Ruzzante (1998) suggested that a population size for
microsatellite loci study be atleast 50 individuals per population and in G.
curmuca. 70 specimens were used for microsatellite analysis from each
population. DeWoody and Avise (2000) and Neff and Gross (2001) showed that
marine species have greater microsatellite allele variation as compared with
freshwater species and that, this was consistent with the increased evolutionary
effective population sizes of marine species. They also reported that much of the
variation in polymorphism at microsatellite loci that exist between species and
classes can be attributed to differences in population biology and life history and
P\to a lesser extent to differences in natural selection pertaining to the function or
the microsatellite loci. Fewer number of alleles in the microsatellite loci of G.
curmuca (which is purely a freshwater ﬁsh), can be due to differences in biology
and life history traits compared to that of the marine species (having higher
number of microsatellite allele variation) as suggested by Neff and Gross (2001).
In the present study, variations of allele sizes were quite low for MFW26,
MF W 72, and Ppr048 loci which might be due to their small number of repeat
units and similar level of allele size variation is reported in many other freshwater
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teleosts and higher vertebrates (Carvalho and Hauser, I994; Liu and Cordes,
2004). The same trend of relationship  observed in ('flarz'a.s' macrocephczlus
(Na-Nakorn er al._. 1999) and Thai silver barb (Kamonrat, I996). The mean
observed number of alleles (na) at each locus (5.25) in red-tailed barb was closer
to the value obtained in Asian cyprinids viz. C.'z'rrlw'nz.z.s' rmigala (4.5), Tor purirora
(4.42) and Labeo dyocheilus (4.42) (Chauhan er 01.. 2007; l\/ilohindra er 01., 2004
& 2005 respectively). Similar results were also reported by Liao cl al. (2006) in
Cyprinus carpio from China; by Han er al. (2000) in striped bass (Morone
saxatilis); by W atanabe er al. (2001) in P.s'eud0bagru.s' ichikaw-iai (na = 4.75) and
Scribner er czl. (1996) in Chinook salmon (Oncorhynchus rs/iat'1»yl.s'cha) and many
other teleosts (Reilly and Ward, 1998; McGowan and Reith, 1999; Supungul er
al._, 2000; Iyengar er al., 2000). But the value was lower than that observed in G.
curmuca in My.s'tu.s' nemurus (na=3.2) (Usmani er al., 2003); in Iclalurus punctatus
(na=3.9) (Tan er aZ., I999) and in Panga.s'z'u.s" hypophlhahmzs (Volckaert er aZ.,
1999). However, a higher value of na was reported in some ﬁshes - by Na­
Nakorn er al. (1999) in Clarias macrocephalus (na=l2.0) and Volckaert er al.
(I999) in Clarias barrachus (na=5.8). DeWoody and Avise (2000) pointed out
that the value ofna ﬂuctuates widely in many teleosts with a mean of .9.li6. l.
In G. curmuca, the mean observed heterozygosity (Hobs) per locus per population
was 0.5249 and the mean expected heterozygosity (He.-P) per locus per population
was 0.5894. The I—IO1,5 in the present study is congruent with value reported for
most of the freshwater species (0.54i0.25) as reported by DeWoody and Avise
(2000). In other Asian cyprinids the observed heterozygosity values using
microsatellites ranged from 0.26 to 0.82 in Calla carla population (McConnell er
al., 2001); 0.28 to 0.39 in Torputitora (Mohindra er al., 2004); and 0.33 to 0.42
in Cirrhinus mrigczla population (Lal et al._, 2004; Chauhan er al., 2007). Usmani
er al. (2003) in My.s-zu.s' nemurus reported a value of mean observed heterozygosity
(liobs = 0.4986), however, the mean expected heterozygosity was lower than that
of the present study. In G. curmuca, a signiﬁcant overall deﬁciency 01‘
heterozygotes was revealed in all the populations with exception in some loci
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(MFW11, MFW19, MF W72 and Ppro-/8 loci in Periyar River, MFW01, MFW19
and MF W 72 loci in Chalakkudy River and Cca1‘G1-.1, MFW72 and Ppr01.26 in
Chaliyar River). In Clarias rnacrocephalusﬂ, Na-l\lal<orn er al. (1999) and in Tor
puritora Mohindra er al. (2004) reported the deﬁciency of heterozygotes
(HOb$=0.67 and 0.28; and H.cXp:_0-76 and 0.42 respectively). Small sample size can
be a reason for inability to detect all the alleles in the population and to conclude
the occurrence of heterozygote deﬁciency (Na-Nakorn er al., 1999). But the
sample size of 70 for each population of G. curmuca for microsatellite study is not
small according to Ruzzante (1998), hence, this hypothesis is not convincing in
the present case. Inbreeding and non-random mating would also result in
heterozygote deﬁcit (Donnelly er a!., 1999). The positive value of F15 at almost all
the lociindicated inbreeding in populations of G. curmuca. Seven oi’ the eight­
microsatellite loci (except MFW26), showed signiﬁcant deviations (P<0.05) from
Hardy-Weinberg Equilibrium (HWE). Deviations from HWE is usually attributed
to null alleles (Gopalakrishnan er al., 2004; Garcia de Le-on er aZ., 1995), selection
(Garcia dc Leon et al., 1995), or grouping of gene pools (Walhund effect) (Gibbs
er al., 1997) or inbreeding or non-random mating (Beaumont and Hoare, 2003).
Over-exploitation leading to drastic decline of the red-tailed barb has been noticed
in rivers ofKera1a for last 25 years and the species now categorized. as endangered
as per latest IUCN norms (Anon, 1998; Gopalakrislman and Ponniah, 2000). Due
to this, inbreeding can happen, which might result in deﬁciency of heterozygotes
and deviation from HWE (Robertson and Hill, 1984; Beaumont and Hoare, 2003).
The niicrosatellite analysis agrees with the allozyme results of the present study.
Similar situation was reported in other ﬁshes that showed decline in catches due to
over-exploitation (Rico el al., 1997; O’Connell ex al., 1998; Beacham and
Dempson, 1998; Scribner er al., 1996; Yue er al., 2000; Gopalakrishnan er al.,
2004a)
5.2.3 Null alleles
Presence of null alleles could be one of the possible factors responsible for the
observed heterozygote deﬁciency. Null alleles are alleles that do not amplify
I58
during PCR because of mutation events changing the DNA sequence in one of the
primer sites (mostly in 3'end), which causes the primer no longer to anneal to the
template DNA during the PCR (Van Oosterhout er al., 2004, 2006). This may
prevent certain alleles from being ampliﬁed efficiently by PCR (Paetkau and
Strobeck, l995).This results in either no PCR product, if null allele is homozygote
or in false homozygote individuals, if the locus is a heterozygote. This will show
apparent signiﬁcant deviations from Hardy-Weinberg Equilibrium and non­
Mendelian inheritance of alleles (Donnelly er aZ., 1999). An excess ot
homozygote individuals as found in different populations of red-tailed barb in the
present study could be due to null alleles or by a real biological phenomenon. But,
the analysis of data using MICRO-CHECKER indicated, occurrence of null
alleles in all the 3 populations is very unlikely for the 7 primer pairs. This was
supported by the absence of general excess ofhomozygotes over most ofthe allele
size classes in MICRO-CHECKER analysis. ln red-tailed barb, signiﬁcant
departures from HWE were found within samples across loci rather than within
loci and across most samples. Such a situation is not consistent with null alleles
(Van Oosterhout er a!., 2004). Also, there was no instance of non-amplifying
samples in repeated trials with any of the primer pairs in G. curmuca. Van
Oosterhout er‘ al. (2004) suggested that in such a situation, the overall
homozygosity can be due to deviations from HWE such as panmixia, inbreeding,
short allele dominance, stuttering or large allele drop-outs. Short allele dominance
occurs when excess ofhomozygotes is biased towards either extreme of the allele
size - distribution and when there is a general homozygote excess and the allelic
range exceeds 150 base pairs (Van Oosterhout er at. 2004). In the present study.
such conditions did not exist; hence, chances of short allele dominance could be
ruled out. Stutter bands were practically absent in the present study, hence the
possibility of changes in allele sizes due to stuttering can also be ruled out. Large
alleles (allelic size range exceeding l50 base pairs) normally do not amplify as
efficient as small alleles, leading to large allele dropouts (Van Oosterhout er at,
2004). ln the present investigation, most of the ampplitied products were di­
nucleotide repeats and allele size variation ranged between 2-36 base pairs in
159
\
different loci and generally large alleles were not encountered. Hence, in the
present study, the possible causes for excess of homozygosity can be speculated as
over-exploitation of the species over the years leading to reduction in catches
ending with inbreeding as reported by CAMP (Anon, 1998) and as revealed from
our constant interaction with the ﬁshermen, local people and aquarium traders
during the study period.
5.2.4 Linkage disequilibrium
There were no signiﬁcant associations indicative of linkage disequilibrium
between any pair-wise combinations otimicrosatellite alleles in (_}‘0n0pr0k1‘0plex-‘us
curmuca (after Bonferroni correction). It is therefore assumed that the allelic
variation recorded at all the microsatellite loci could be independent as obse1"\-Ietl
in many fishes (Na-Nakorn er ul., 19.99; Scribner er 02., 1996; Usmani er a1., 2003;
Weir, 1979 & 1990; Muneer, 2005).
5.2.5 Stock-speciﬁc markers
Four microsatellite alleles (MFWH-168, MFW72-138 & 134 and Ppr0126-1629)
found in Periyar River samples were not found in Chalakkudy and Chaliyar
Rivers and hence they were treated as private alleles of Periyar River. Two
microsatellite alleles (Ppr048-218 and Ppr0126-170) found in Chalakkudy River
samples were not found in Periyar and Chaliyar Rivers and hence they were
treated as private alleles of Chalakkudy River population. Similarly, the three
microsatellite alleles (MFW11-162, MFW72-148 and Ppro-I8-226) were exclusive
to the Chaliyar River population. The detection of signiﬁcant private alleles in
Periyar, Chalakkudy and Chaliyar populations are the clear-cut evidence for no
mixing of the gene pools between these populations in Gonoproktopterus
curmuca. In Clarias macrocephafus, Na~Nakorn er al. (1999) reported twenty
stock-speciﬁc markers in three loci in four populations in Thailand. Scribner er al.
(1996) reported 22 stock speciﬁc alleles in three populations of Chinook salmon
(Oncorhynchus 1‘.s'hawyr.s'cha) in Canada Takagi er-al. (l999b) reported the stock
speciﬁc markers in the populations of tuna species of the genus Thzmnus.
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Similarly, Coughlan er al. (1998) also reported the 5 stock specific alleles in the
populations of turbot (Scop/izha/nms maximus) from Ireland and l\7or\va.y. The
stock-specific microsatellite markers (private alleles) can be used as genetic tags
for selection programs (Appleyard. and Mather, 2000) and to distinguish the stocks
for selective/supportive breeding programmes and also for mixed stock. analysis
(MSA).
5.2.6 Genetic differentiation
Pair-wise comparison between different riverine locations for microsatellite allelic
homogeneity in G. curmuca yielded signiﬁcant deviations at all loci in their
frequencies after signiﬁcant levels were adjusted for Bonferroni correction. The
results are in agreement with that of allozyme markers in the present study and
this suggests partitioning of breeding population, limitation in migration between
different areas and existence of distinct stock structure among populations. The
overall FST value (0.0689) of microsatellite loci in G. curmuccz was signiﬁcantly
different from zero (P < 0.0001). This indicates a signiﬁcant level of genetic
differentiation among the populations. The higher rates of mutation (and therefore
more polymorphism) in microsatellites result in greater power for population
differentiation (Rousset, 1997 & 2000; Rousset and Raymond, 1995; Goudet er
al., 1996). Levels of genetic differentiation recorded for red-tailed barb (overall
PST = 0.0689) are comparable to those signiﬁcant values seen in Paciﬁc herring
(F5'r=0.043), Atlantic herring (PST = 0.045), Atlantic salmon (F3-|~ = 0.064)
(McConnell er al._, 1995) and yellow catfish (Muneer, 2005). The genetic
relatedness of Gcurmuca populations derived from microsatellite loci, using pair­
wise PST between populations also differed signiﬁcantly (P<0.000l) from zero for
all the pairs of riverine locations indicating signiﬁcant heterogeneity between
populations. The allozyme markers used in the present study also gave the same
result.
In addition to the allelic frequency, microsatellites provide additional information — 1'. e.,
difference in number of repeats -— that will be helpful in measuring the population
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sub-division. But PST takes care of only allelic frequencies; hence in addition to
PST, the population differentiation was also estimated by pair-wise and overall RST
(Slatkin, 1995) based on the variance in microsatellite allele sizes in G. curmuca
populations. The pair-wise and overall R5-T values exhibited signiﬁcant genetic
differentiation (P<0.000l) among the populations of G. curmuca. The RST values
were very similar to that of PST estimates in the present study as reported in many
teleosts (Hardy er al.,' 2004; Chauhan er al., 2007). Comparing PST and RST values
computed on the same data can provide valuable insights into the main causes of
population differentiation, i.e., genetic drift or mutation, because these statistics
share equal expectations, when differentiation is caused solely by drift (RST =
F31); where as RST is expected to be larger than FST under a contribution of step­
wise mutation (Pearse and Crandall, 2004). Hardy er al. (2003) developed a test,
based on a randomization procedure of allele sizes to analyse whether step-wise
mutations contributed to genetic differentiation - z'.e., whether RST was superior to
PST in case of microsatellites. They observed that (l) in a small population
sampled at a micro-geographic scale, RS’; and PST estimates were similar, where as
population sampled at a macro/mega-geographic scale showed signiﬁcantly
higher R51 compared to F51 indicating that mutation becomes important relative to
migration at this scale; and (2) the RST and Fgr are generally similar when the
level of signiﬁcant genetic differentiation is comparatively low, where as RST is
often superior to PST when differentiation is high. The results in G. curmuca (RST
= F51-~) can be explained based on the light of above observations - populations
were sampled from a small geographic area; and moderate, yet significant levels
of genetic differentiation existing among these populations.
AMOVA analysis of the microsatellite data also indicated signiﬁcant genetic
differentiation among sampled G. curmuca populations (Table 28) and the same
trend was observed in the data sets based on allozyme analysis in the present
study. The values (PST) are similar to those recorded in other species (Liao er czl.,
2006; Cook el al. 2002'). The geographically isolated river basins selected in the
present study do not permit the mixing of populations of G. cur:-nuca and the
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absence of gene flow among the populations could be the prime factor for the
signiﬁcant genetic heterogeneity and population structuring of the species. The
occurrence of nine (9) private alleles in three populations further supports the
hypothesis of absence of gene ﬂow among the populations of G. curmuca.
5.2.7 Genetic relationships among populations
I
The genetic relationships among populations would be explained largely through
the geographic distance or isolation by distance between sampling locations
(Rousset, 1997; Slatkin, I993). The two populations, Periyar and Chalakltudy
Rivers always clustered closely than the Chaliyar River population as revealed in
allozymes and RAPD analysis using the same ﬁsh samples. The Chalakkudy
River population was always intermediate in position between Periyar River and
Chaliyar River populations and their genetic distances calculated from
microsatellite data agreed with geographic distance. The UPGMA dendro gram ot
G. curmuca using microsatellite data also indicated similar topology as observed
with allozymes and RAPD marl<ers of this species.
5.2.8 Bottleneck analysis
An increased number of alleles per locus and heteroz.ygosity at microsatellite loci
provide higher statistical power to detect historical bottlenecks and to monitor
genetic variation for detecting potential future bottlenecks (Luikart and C-ornuet,
1998). The microsatellite data was analysed under the more suitable two phase
model (TPM) (Cornuet and Luikart, l996) in addition to thc IAM. ln this work,
both the Wilcoxon test and the mode shift test detected evidence that the
population ot‘ G. curmuca has a recent bottleneck. The results are congruent with
the allozyme data analysis in the present study. Drastic decline in the population
of G. czmmzca due to over-exploitation and habitat alteration was pointed out by
the CAMP workshop in 1997 (Anon, 1998). Our continuous interaction with the
ﬁsher folk and the local people for more than four years (2002 to 2006) during
ﬁeld surveys also revealed the decline G. curmuca catches as a result of over­
ﬁshing in these river systems, even though no records of its past abundance inr 162
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terms of number and weight were available. So cl al. (2006) had cautioned
destruction of spawning grounds and excessive ﬁshing during breeding season
would lead to genetic bottleneck in ﬁshes. Most likely, the anthropogenic factors
(massive hunt by the ornamental traders and habitat alteration) could be the
reasons for the genetic bottleneck and inbreeding in G. curmz.ica_, as reported in
other commercially important endemic species of the Western Ghats
(Gopalakrishnan and Ponniah, 2000).
‘Homoplasy’- similarity of traits/genes for reasons other than co-ancestry (e.g.
convergent evolution, parallelism, evolutionary reversals, horizontal gene transfer
and gene duplication) - in molecular evolution has recently attracted the attention
of population geneticists, as a consequence of the popularity of microsatellite
markers. Homoplasy occurring at inicrosatellite is l'€Il.‘€1'1°€-Cl to as ‘size homoplasy’
(SH), i.e., electromorphs of microsatellites are identical, by in state (i.e., have
identical size), but are not necessarily identical by descent due to convergent
mutation(s). It violates a basic assumption of the analysis of genetic markers ­
variance of similar phenotypes (e.g. base pair size) are assumed to derive from a
common ancestry. Estoup er al. (2002) and Donnelly el al. (1999) reported
homoplasy may affect PST estimates of especially for markers with high mutation
rates (microsatellites). Although a fraction of SH can be detected using analytical
developments and computer simulations or through single strand conﬁrmation
polymorphism (SSCP) and sequencing; to evaluate empirically the potential effect
of SH on population genetic analyses, an in-depth study with large number of loci,
individuals and electromorphs (using SSCP/sequencing) is required. However,
Estoup er al. (2002) in their review article made a major conclusion that SH does
not represent a signiﬁcant problem for many types of population genetic analyses
and large amount of variability at microsatellite loci often compensates for their
homoplasious evolution. Further studies only will permit detection ot
homoplasious electromorphs and their effect on F31‘ and genetic relatedness
among populations of G. curmuca.
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In conclusion, the analysis using novel hypervariable microsatellite loci in
G. curmuca revealed signiﬁcant results: First, the potential use of
heterologous PCR primers was explored and many of them appeared to be
conserved in this cyprinid. Second, the utility of these markers for population
genetic analyses was confirmed. All the eight amplified microsatellite loci
were polymorphic and showed heterogeneity in allele frequency in red-tailed
barb populations between different river systems. Third, the study suggested
that the three allopatric populations of this species viz, Periyar, Chalakkudy
and Chaliyar that are divergent in their genetic characteristics can be
identiﬁed through microsatellite loci. Four, recent reduction in effective
population size could be detected which is mostly due to heavy ﬁshing
pressure and habitat destruction. The information generated will be helpful
to design strategic plans for rehabilitation of declining stocks of G. curmuca
in these rivers. Finally, the results of the population screening using
microsatellites agreed with those from allozyme and RAPD studies of the
same populations, suggesting their wide utility for a variety of basic and
applied research questions.
5.3 Random ampliﬁed polymorphic DNA (RAPDs)
Random ampliﬁed polymorphic DNA (Williams er al., 1990; Welsh and
McCle1land, 1990) is one of the common genetic marker, used for population
genetic analysis, pedigree analysis and taxonomic discrimination of the
species (Bardakci and Skibinski, 1994; Jayasankar and Dharmalingam, 1997;
Khoo er a1., 2002; Klinbunga er al., 2000a, b; Appleyard and Mather, 2002;
Callejas and Ochando, 2001 and 2002). Several authors have demonstrated
that the RAPD-PCR method is a powerful tool in the assessment of
discriminating differences at inter-population level in a wide range of
organisms including fishes (Black er ul., 1992; Cenis er‘ al., 1993; Bardakci
and Skibinski, 1994; Naish er‘ al., 1995). In the present study, RAPD markers
were used for population structure analysis of Gonoproktoprerus curmuca
from three river systems.
165
/\ , >
_, g,_.‘)..’.., _,- :V I
5.3.1 Reproducibility of RAPD markers
Hadrys at al. (l992);'Schierwater and Ender (1993); Lynch and Milligam (1994);
Allegrucci er al. (1995); Naish er al. (1995) and Ali er al. (2004) reported several
technical problems associated with application of the RAPD technique in the ﬁeld
of genetic population studies. A disadvantage of this technique is reproducibility
of the results (Liu er aZ., 1999b; Dinesh er al., 1995; Penner er al., 1.993). RAPDS
can generate unreliable products through PCR or the same pattern will not be
obtained again even under identical screening conditions, unless the technique is
well standardized. To get the reproducible results for RAPD, the quality and
quantity of the template DNA used is a major key factor (Dinesh er al., 1995).
To standardize the experimental conditions Mamuris er al. (1998) used two
different DNA extraction methods, two different polymerases and two thermal
cyclers. Taq polymerase purchased from different manufacturers produced similar
results when applied on DNA from the same individual in the same thermal
cycler. On the contrary, within the same laboratory, different polymerases as well
as different thermal cyclers having different temperature cycling proﬁles produced
rather different banding patterns in all individuals screened. In addition,
amplification of DNA obtained by different extraction protocols from the same
individual showed slightly different banding patterns, at least after agarose gel
electrophoresis (Mamuris er al., 1998). Thus, even if reproducibility of RAPD
markers can be obtained in a single laboratory, this seems difficult for different
laboratories, unless all conditions are identical. A possible implication of such
differences is that qualitative comparisons of data produced by different
laboratories, working on the same organism with identical primers would be
meaningless, especially when the method is applied to assess specific markers
between populations (Mamuris er al., 1998).
In the present study, RAPD analysis was carried out with DNA template extracted
from several specimens from three different locations at different times. The DNA
polymerase (Taq polymerase), bu.ffer and dNTPs used were from the same source
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(Gen,ei Ltd, Bangalore, India) and PCR and electrophoresis were cairied out at
different intervals. The template DNA quantity (1 pl; per single reaction mix) and
concentration were kept uniform across samples (circa 25ng). This resulted in
high level of reproducibility and sharpness of RAPD proﬁles in Gcurmuca as
reported by Ferguson er al. (1995) in Salmo salar and Ferguson and Danzmann
(1998) in various ﬁsh species. The present study shows that under identical
ampliﬁcation conditions, RAPD proﬁles for any particular primer-template DNA
concentration is highly reproducible over a wide range of template RAPD, as
reported in seven other fish species by Dinesh er al. (1995) and in the review by
Liu and Cordes (2004).
5.3.2 Genetic variability in RAPD analysis
The RAPD method was applied to identify genetic similarity and diversity in red­
tailed barb, G. curnmca using 9 polymorphic Operon primers. The number of
fragments generated per primer varied from O4 to 20. Similar number of
fragments was reported in other ﬁsh species such as Korean catﬁsh, S2‘/z.u'u.s' a.s'0(u.s'
(Yoon and Kim, 2001) and tilapia (Bardakci and Skibinski, 1994; Appleyard and
Mather, 2000). The size of DNA fragments ampliﬁed in (}'.curmuca ranged from
0800—6000bp and this conﬁrms with the range of fragment sizes observed in other
teleosts (Ali er al., 2004).
In G. curmuca, 09 primers generated a total of 117 fragments, producing an
average of 13 bands per primer. Among these fragments, 65 (55.55%) were found
to be polymorphic as summarized in Table 32. In Periyar population, a total 19
bands out of 88 amplicons (2l.59%) were polymorphic; in Chalakkudy
population, 1.8 out of 82 (25.00%); and in Chaliyar population 18 out of 72
(25.00%) were polymorphic. The percentage of polymorphism at intra-population
level in G, curmuca was relatively low, but in overall population the percentage
was high (55.55%) compared to many other species, Yoon and Kim (2001)
reported a total of 652 and 692 bands from 5 primers in two populations (Kunsan
and Yesan) of Korean catﬁsh, Silurus asotus and among these 298 (45.7%) were
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polymorphic to Kunsan population and 282 (40.8%) were polymorphic to Yesan
population. Chong er al. (2000) reported 42 polymorphic RAPID markers in
My..s'tu.s' nemurus. Liu er al. (_l998a) reported the production of 462 polymorphic
bands, an average of 6.1 bands per primer in [ctalw'u.s' pum'!am.s" and I. furcaius.
Appleyard and Mather (2002) reported a total of95 RAPD loci (13.6 loci/primer),
of which, 37 were monomorphic and 58 were polymorpliic among the stocks of
Ore0chr0m1'.s' m'10tz'cus and O. mossambicus; and 17.24% for minke whales,
Balaenoptem acut0r0.s'lrata by Martinez and Pastene (1999). However, Liu er al.
( 1998a) reported a higher value for percentage polymorphic RAPD loci (6l.05%)
in Ictalurus pzmcratus and 1. _fi4rcatu.s'. The higher percentage polymorphism
scored with RAPD markers in the present study is probably due to preferential
ampliﬁcation of non-coding repetitive regions of the genome that may elude
natural selection (Kazan er al., 1992; Callejas and Ochando, 2002; Ali er al..
2004)
Average gene diversity, also known as average heterozygosity (H) is a measure 0'1’
genetic variation for randomly mating population and it is analogous to Wright’s
ﬁxation index (Silas er al., 2004 & 2005). Many authors had estimated this
parameter in a wide variety of organisms using a large variety of primers (Welsh
er al., 1991; Smith et al., 1997; Cagigas et al., 1999; Bartish er al.. 2000; Bernardi
and Talley, 2000; Govindaraju and Jayasankar, 2004; McCormack er al.,2000;
Lehmann er aZ.,- 2000; Kovacs er al., 2001; Callejas and Ochando, 1998, 2001 and
2002; Appleyard and Mather, 2000 and 2002). The average gene diversity (H) in
G. curmuca ranged from 0.0558 (Periyar population) to 0.1640 (Chalakkudy
population), with a value of 0.1848 for overall population (Table 32). Genetic
polymorphism designated by the values of %P and H had the lowest values in
each population in the species which could be due to its small population size and
a higher level of inbreeding as reported by Silas er al. (2004 & 2005) in mahseers.
The values ol’ H and %P were lower than those reported for populations of other
ﬁshes (Khoo er aZ., 2002; Chen, 1999).
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5.3.3 The size and number of the RAPD amplicons
The molecular weight of 1 17 RAPD-PCR fragments in G. curmuca ranged from
0800 to 6000 bp. Welsh er al. (1991) reported that the number and size of the
fragments generated strictly depended upon the nucleotide sequence of the primer
used upon the source of the template DNA, resulting in the genome-speciﬁc
ﬁngerprints of random DNA fragments. The number of ampliﬁed products may
be related to the G+C content of the primer and template DNA sequence rather
than to primer length (Caetano-Anolles er al._. 1991). Dong and Zhou (1998)
reported that primers with a higher G+C content generated more ampliﬁed
products. The G+C content did not vary much in the primers selected for the
present study, and hence the number of RAPD fragments also did not exhibit
much variation with different Operon decamers.
5.3.4 Linkage disequilibrium
Pairs of RAPD loci did not show any significant linkage disequilibrium (P>0.05)
in all the populations of red-tailed barb. It was therefore assumed that allelic
variation at RAPD loci could be considered independent as reported in other
teleosts (Muneer, 2005; Silas er al., 2005).
5.3.5 Population specific RAPD markers
Using RAPD analysis, the present study observed 41 population-specific bands in
three natural populations of G. curmuca. Among these, 18 speciﬁc bands were
found in Periyar River population, 15 speciﬁc bands ‘in Chalakkudy population
and only 8 specific bands in Chaliyar population (Table 34). Population speciﬁc
RAPD markers are reported in other ﬁshes also by Yoon and Kim (2001), in
Silurus a.s‘0tu.s'; Cagigas el al. (1999) in brown trout, Salmo rrulta; Klinbunga er al.
(2000b) in mud crabs; G-ovindaraju and Jayasanlcar, (2004) in seven species ot
groupers; and Barman ell al. (2003) in lndian major carps. Kovacs er al.. (2001)
reported a special type of marker called “SCAR” (Sequence Characterized
Ampliﬁed Region) to distinguish male and female species of Clarzns gariepinus.
SCARs were also developed in tropical oyster (Cramosrrea belcheri) in Thailand
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(Klinbunga er aZ., 2000a) to generate proﬁles at the intra-speciﬁc level. Zhou er
al. (2001) used speciﬁc RAPD fragments to develop SCAR markers for
identifying crucian carp clones. Similarly, Araneda er al. (2005) developed
SCAR markers associated with colour traits in Coho salmon from RAPD bands.
The population-specific RAPD markers in G. curmuca could be useful as genetic
tags or to generate SCAR markers in future that would be helpful in aquaculture
and selective and supportive breeding programmes of this species.
5.3.6 Genetic differentiation
The 'coefﬁcient of gene differentiation (GST) is a measure based on allele
frequencies to investigate how the genetic variation is partitioned among
populations (Nei, 1987). A relatively high overall population genetic
differentiation among riverine populations were observed in G. curmuca in the
present study (GST = 0.2286). This clearly indicates that the wild G. curmuca
populations are strongly sub-structured. Gomes er al. (1998) reported a similar
value of Q51; (an analogue of GST or PST (Excoffier er al. (1992)) in the stock
discrimination of four-wing ﬂying ﬁsh, Hirundichthys qf/"inz's' Appleyard and
Mather (2002) reported a much high value of F D1‘ (an analogue of G51‘ or F ST) 1'. e..
0.652 to 0.670 for distinct tilapia stocks. But the PST value in population genetic
studies of an asteroid with high dispersal capacity, Acanr/wsrer planer‘. indicated
low genetic differentiation between populations (FST = 0.019 to 0.038) as reported
by Nash er al. (1988) and Benzie and Stoddart (1992). Similarly._ Silberman er al.
(1994) suggested that an overall Q5-r value of 0.032 indicated little evidence of
genetic sub-division in the spiny lobster, Panul1'ru.s" CN’g2,£.S'. As in the present study,
a high overall GST value using RAPD markers was recorded in yellow catliish
suggesting that there was little gene exchange between. stocks (Muneer, 2005).
5.3.7 Genetic relationship between populations
Results of RAPD analysis indicate a more distant relationship between Periyar
population and Chaliyar populations (genetic distance, D = 0.1903) of G.
curmuca. The populations between Periyar and Chalakkudy Rivers are genetically
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closer (D = 0.1013). The genetic distance between Chalakkudy River population
and Chaliyar River population was 0.1217 (Table 35). The genetic distance
values increased as the geographic distance increased. Klinbunga er al. (2000b)
reported a similar valu.e for genetic distance (D = 0.171 to 0.199) in the
populations of mud crab, Scylla serrara. Similarly, D’Amato and Corach (1997)
reported that the ‘D’ value ranges from 0.1755 to 0.2150 in freshwater aromuran,
Aegla_;'z4juyana. K1100 er al. (2002) reported a similar result of genetic distance in
guppy, P0ecz'l1'a reticulum, population (0.085-0.249) and Gomes er a/. (1998) in
four-wing ﬂying ﬁsh, H1'rimdichrhy.s' q;_’ﬁni.s' (0.16 to 0.26). ln marine teleosts, the
genetic distance values appear low and the populations are weakly sub-structured
compared to the freshwater counterparts (Govindaraju and .1ayasanl<ar, 2004). For
example, in red mullet, Mullus barbarus, a very low value of genetic distance (D
= 0.0024 to 0.0366) was reported by Mamuris er al. (1998). Similarly, Saitoh
(1998) reported a lower value of genetic distance (D = 0.006 to 0.018) in the
populations of Pacific cod, Gadw macr0cephaZi.i.s', around. Japan.
UPGMA dendrograin of G. curmuca (Figure 35) using RAPD markers exhibited
distinct clustering suggesting that the populations are differentiated. The bootstrap
values indicated the stocks have a robust cluster. Several authors have shown clear
cut clustering in dendrograms based on RAPD estimates, demonstrating intra­
speciﬁc variations in different species (Khoo er aZ., 2002; McC0nnacl< er al.,
2000; Cagigas er al., 1999; Mamuris er al., 1998; Gomes er ul.. 1998); and inter­
speciﬁc variations of same genus (Bardakci and Skibinski, 1994; Dinesh er al.,
1996; Smith er al., 1996; Callejas and Ochando, 1998, 2001, 2002; Appleyard and
Mather, 2002; Barman er al._, 2003; Govindaraju and Jayasankar, 2004).
RAPD analysis is a rapid and convenient technique to generate useful information
on stock structure of a species. Since the RAPD technique is less laborious
compared to other ﬁngerprinting methods; it produces results with low statistical
error (Naish er al., 1995) and does not require prior knowledge of DNA sequences
(1-ladrys er al., 1992), it may be a promising method to estimate genetic affinities
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at nuclear level between populations of ﬁsh species. Consequently. depending on
the level of identiﬁcation required, a single primer or a combination of two can
generate clear diagnostic proﬁles. The major drawback of RAPD marker are (1)
these are dominant (i.e.__ it is not possible to determine if an individual is a
homozygote or heterozygote) at a locus and, (2) its reproducibility. Despite the
apparent ease of the RAPD methodology, initial empirical optimizations for a
given template-primer combination can be time consuming. This is because of
several parameters-such as quality of template DNA, components of ampliﬁcation
reaction, ampliﬁcation conditions, primer sequence or the thermal cycler- which
inﬂuence the quantity and size of the RAPD, and products generated have to be
optimized (Micheli el al., 1994; Dinesh er al., l995). Also in RAPD analysis we
are assuming that the populations are in HWE, that may not true often. On the
other hand, the possible analysis with unlimited numbers of primers, each
detecting variations at several region in the genome, provides an advantage for
RAPD analysis over other techniques (Appleyard and Mather, 2000). Thus, one
must be cautious about systematic conclusions based on RAPD analysis alone.
The RAPD proﬁles in the present study displayed a high degree of polymorphism,
which indicated a population structure for red-tailed barb entirely consistent with
that obtained from analysis of allozymes and microsatellites. This CO1'lﬁI’lTlS
suitability of RAPD markers for discrimination of this red-tailed barb stocks. In
brief, the study yielded highly reproducible RAPD ﬁngerprints, which were used
as reliable and useful tool for discrimination of population structure in G.
curmuca from three geographically separated river systems, viz. Periyar,
Chalakkudy and Chaliyar Rivers of the Western Ghat region, Kerala, India.
5.4 Comparative analysis of results with three markers in G. curmuca.
Allozyme, RAPD and microsatellite markers could be considered as random
indicators to discriminate the three populations of the red-tailed barb, G. curmuca.
Therefore, it would be of interest to compare the results obtained from the
appli‘cation of these three approaches to the same individuals. To date only few
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studies have compared the results of allozymes with RAPD and microsatellites
(Cagigas er al., l999; Colihuque er al., 2003; Muneer, 2005). All the three
methods were successful in revealing a genetic heterogeneity between populations
and producing stock-specific markers that could discriminate three populations.
Although it was possible to gain a clear understanding of population structure
using allozyme data alone, the use of more variable markers such as
microsatellites and RAPDs could further confirm the analysis using ‘allozymes.
These DNA techniques involved the examination of putative non-coding genes
thought to be neutral, which permits high rates of mutation and lead not only to
different alleles at each locus but also to an increase in the amount of genetic
variation (Cagigas er aZ., 1999). The sampling for microsatellites and RAPD is
usually non-lethal or minimum invasive unlike in allozyme that requires
sacrificing the specimens.
The percentage of polymorphism obtained using these three markers varied in G.
curmuca. Several factors contribute to the differences observed in the results
produced by the three methods. Some are due to the dominant nature of RAPDs.
Therefore, gene frequency estimates or effective number of alleles calculated from
RAPD data can vary from those obtained from co-dominant markers such as
allozymes and microsatellites (Cockerham, 1973; Lynch and Milligan, 1994). In
allozymes, only 52.6% of loci were polymorphic, which was less compared with
RAPDs and microsatellites (86.0% and 100% respectively). This result can be
explained by the fact that the mutation rate of allozymes (functional protein) is
much lesser compared with that of the other two markers (Colihuque er al., 2003).
Most of the allozymes are encoded by single copy regions of the genome, having
a serious impact on important phenotypic characters and thus by being more
easily subject to selective pressure (Mamuris er 01., 1998). On the other hand. the
RAPD technique, by its nature apart from single copy fractions, also ampliﬁes
DNA from highly repetitive regions (Williams er 01., 1990) while microsatellitc
ampliﬁes repetitive regions with help of specific primers. lt is therefore probable
that most of the RAPD and mic-rosatellite markers are arnpliiied products of less
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functional parts of the genome, which do not strongly respond to selection on the
phenotypic level. Such DNA regions may accumulate more nucleotide mutations
compared to those encoding allozymes. Thus, RAPD and microsatellite could
detect more pronounced genetic polymorphism among geographically distant G.
currriuca samples than allozyme markers.
Compared with allozymes and RAPDs, microsatellites exhibited a large number
of alleles in G. curmuca (46 alleles in 8 polymorphic microsatellite loci; 33 alleles
in 14 polymorphic allozyme loci). In allozymes, some of the changes in DNA
sequences are masked at protein level reducing the level of detectable allelic
variation. Some changes in nucleotide sequence do not change the encoded
polypeptide (silent substitutions) and some polypeptide changes do not alter the
mobility of the proteins in an electrophore-tic gel (synchronous substitutions),
hence relatively low number of alleles (usually 2 to 3) are exhibited by most of the
allozyme loci (Liu and Cordes, 2004). In RAPD, the primer can detect and
amplify several regions in the whole genome of the species and the changes in one
or two base pairs cannot be detected as separate locus/allele due to
misinterpretation of the size of the bands in the gel (due to less resolution power
of agarose gel). Furthermore, the substitution. of the base pair does not change the
size of the product. Whereas in microsatellites, the change in one or two base
pairs can be detected as separate alleles in the gel (high percentage oi
polyacrylamide gel to resolve very small product was used in the present study)
and addition, deletion or substitution of base pair may shuttle the tandem repeats.
This is the main reason for occurrence of more alleles with microsatellite
technique. The mean observed number alleles (na) varied accordingly with both.
markers (1.66 and 5.25 in allozymes and microsatellites respectively).
In the present study, the heterozygosity value was higher for microsatcllites (lim­
= 0.5249) than the allozymes (Hob, = 0.1514). RAPD showed the value of average
gene diversity or heterozygosity (H), in between that of microsatellites and
allozymes z'.e., 0.1848. Both, allozymes and microsatellites expressed a deﬁciency
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of heterozygotes (except in one or two loci). Similar patterns of results using three
markers was reported by Cagigas er al. (1999) and Muneer (2005), in the
populations of brown trout and yellow catﬁsh, and using microsatellites and
RAPDS in common carp (Bartfai et 01., 2003) and. with allozymes and RAPD
markers in red mullet (Mamuris er al 1998).
The coefficient of genetic differentiation (F5-1-)) varied with each marker in G.
curmuca. The overall Fgy was high for RAPD (here Ggy = 0.2286) than allozymcs
(0.0510) and microsatellites (F51-=0.0689 and R5-r=0.0729). This suggests that
RAPD analysis has a greater resolving power than other markers. Smith er al.
(1996) reported similar results in tarakihi (Nen'zadacry[u.s' macroplerus) from New
Zealand waters and Muneer (2005) in yellow catﬁsh from the We-stern Ghats,
India. Similar levels of PST from both AMOVA and F-statistics using allozyme
and microsatellite markers in this study suggest that both sets of allele frequency
distributions represent neutral markers in red-tailed barb. A similar concordance
of polymorphic allozyme and molecular markers was observed in studies with
brown trout (Cagigas er al., 1999); blue marlin (Buonaccorsi er a!._, 1999); red
mullet (Mamuris et 01., 1998) and chum salmon (Scribner el al., 1996). Genetic
distance values between populations using this battery of markers showed similar
pattern in G. curmuca. Irrespective of the markers used, the topologies of the
UPGMA dendrogram also exhibited similar pattern of genetic divergence in the
present study, indicating population structure of this species is entirely consistent
with all the three markers. A similar pattern of UPGMA dendrogram using three
markers was found in many organisms (Patwary er al., 1993; Cagigas er al., 1999;
Von Soosten et al., 1998; Muneer, 2005).
In bottleneck analysis, allozyme (IAM model) and microsatellite (TPM model)
markers" in G. curmuca exhibited concordant results in both Wilcoxon test and
mode shift test. This indicates that the causative factor(s) of the genetic
bottleneck had the same effect on the coding (allozymes) and non-coding
175
(microsatellites) region of DNA. Similar trend has been reported in other cyprinid
(Cz'rrhz'nus mrz'gala') with these two classes of markers by Chauhan er ai. (2007).
The three methods in the present study probably might have generated markers
pertaining to different parts of red-tailed barb genome. Similarity in genetic
divergence values with all the three markers indicated the robustness of the
techniques applied; this reinforces reliability of interpretations and conﬁnns existence
of three genetically discrete stocks of red-tailed barb. Although the three techniques
could clearly discriminate the populations, microsatellites as a basic genetic tool
overcome some of the disadvantages displayed by the other two. First, because
speciﬁc primer development for a particular species can be both ti1ne~consuming and
costly, primers developed in one species can be used to amplify homologous loci in
closely related species (Scribner er a!._, 1996; Presa and Guyomard, 1996). Second,
many microsatellite loci are thought to be neutral (Zardoya er al., 1996) but some
allozyme loci may be inﬂuenced by selection pressure, allowing only a few alleles at
each locus (Allendorf er al., I987; Verspoor and Jordan, 1989; Mamuris er aZ., 1998).
Furthermore, because red-tailed barb populations are under endangered category,
killing specimens to collect liver and muscle for allozyme analysis becomes a
signiﬁcant inconvenience (ﬁn clips and body slime may not give satisfactory results
for all allozymes), which makes it advisable to adopt other techniques. Transportation
of tissue samples from remote areas in liquid nitrogen and their subsequent storage in
-850C freezer until ﬂuther analysis are other disadvantages associated with allozyme
analysis. The RAPD methodology also involves some disadvantages compared with
microsatellites. The dominant character of RAPDs makes it impossible to distinguish
between homozygote and heterozygote of a particular fragment, and the comparison
of bands across different gels often makes data scoring more difficult. Although
reproducibility both within and among laboratories has been proved for RAPD
polymorphisms (Penner el aZ., 1993; Dinesh er a!., 1.995; Ali er 01., 2004; Muneer,
2005; also in the present study) some confusion still exists regarding its application in
population genetics especially of endangered species (basic assumption in RAPD
analysis is, the populations tit the Hardy-Weinberg equilibrium). The apparent
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disadvantages of the allozyme and RAPD techniques ﬁirther enhance the utility of
microsatellites for the analysis of population genetic problems._ However,
microsatellites are not free from short comings. Non-speciﬁc ampliﬁcation, presence
of stutter bands and very high level of polymorphism demanding large sample sizes
(to adequately characterize the genetic variation both within and among populations,
to ensure that apparent differences among populations are not due to sampling error)
are often encountered with microsatellites, complicating the genotyping and analysis.
But in the present study, the number of alleles per locus was relatively less compared
to other teleosts (Na-Nakorn er al., 1999). Also, the PCR conditions were optimized
to overcome the problem of stutter bands and non-speciﬁc ampliﬁcation in
Gonoprokroprerus curmuca. The non-denaturing PAGE coupled with silver staining
could resolve the alleles of even Zbp difference in the present study.
I
Finally, the present ﬁndings of genetic divergence levels with three marker types in
G. curmuca suggest that the populations of Periyar, Chalakkudy and Chaliyar Rivers
are not drawn from the same randomly mating gene pool. This observation and the
identiﬁcation of unique stock-speciﬁc markers (private alleles) are signiﬁcant steps
towards realizing the goal of stock-based management and conservation of red-tailed
barb resource in the Western Ghats region, India. The result strengthens the
observation made in CA\/ll’ workshop (Anon, l998)'_. regarding the need for
conservation of this species and gives a signal that the populations exhibit signs ot
genetic bottleneck (as evidenced from the bottleneck analysis). The study emphasizes
the need for stock-wise management of natural populations of G. curmuca. The
stock-wise propagation-assisted rehabilitation should involve brood stock of three
rivers (Periyar. Chalakkudy and Chaliyar Rivers) maintained separately. The
hatchery-bred progeny will have to be released in three rivers without any chance of
mixing of the stocks. Continued screening ot‘microsatellitc variation within different
populations of G. curmucu will fuither help in monitoring the rehabilitation
pro gramme of the species.
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Chapter 6
SUMMARY
A privateallele was recorded in allozyme analysis (LDH-2  R; value 78)
in Chaliyar River population with an allele frequency of 0.4714.
In all the three populations, the probability test provided the evidence that
the observed heterozygosities in most of the loci signiﬁcantly deviated
(P<0.05) from that expected under Hardy-Weinberg equilibrium, except in
EST -1 *, G6PDH*, LDH-2* and MDH-2* in Periyar population and EST ­
4* in Chaliyar population. The F15 (inbreeding coefficient) deviated from
zero in most of the loci in all the 3 populations, indicating deﬁciency of
heterozygotes. No allozyme locus showed linkage disequilibrium.
In F-statistics, PST represents the genetic differentiation among the
populations. PST for overall populations was 0.0510, indicating that 5.1%
genetic variation exists among populations. The pair wise l~‘_q-;- between
populations also differed signiﬁcantly (P<0.001) from zero for all the pairs
of riverine locations indicating signiﬁcant heterogeneity between
populations. The analysis of molecular variance (_Al\»lO\/A) using
allozyme data also indicated strongly signiﬁcant genetic differentiation
(5.18%) among populations of G. curmuca.
Pair-wise genetic distance values between the populations of Periyar and
Clialakkudy Rivers was 0.0.329; between Chalal<l<.udy and Chaliyar Rivers
0.0501; and between Periyar River and Chaliyar River 0.0702. This
indicates the Periyar and Chalal<l<ud_v populations are closely related
compared to Chaliyar population. The genetic distance values agreed with
the geographic distances. On the basis of Nei’s (1978) genetic distance
values, phylogenetic relationships among three populations of G. curmuca
were established by constructing a UPGMA dendrogram.
The BOTTLENECK analysis using allozymes (IAM model) indicated
clear mode shift of allele diversity in all the populations in contrast to the
expected L-shaped distribution. The probability values also indicated
signiﬁcant genetic bottleneck in all populations of G. curmuca.
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For Microsatellite analysis, forty primers, from six resource species
belonging to Order Cypriniformes were used for cross-species
ampliﬁcation in G. curmuca. Eight primers out of 40 gave scorable
banding pattern after PCR ampliﬁcations. These 8 primers produced 9
presumptive microsatellite loci. Among these, 8 loci vz'z.. (f.’carGl-1,
MFW01, MFW] 1, MFW] 9. MFW26, MF W .72. Ppro-M’, and Ppro126 were
OOI1'ilI'ITl€Cl to contain repeats after sequencing. All the 8 microsatellite loci
were polymorphic (100%). _
A total of 46 alleles were produced in microsatellite analysis across all the
populations. In Periyar population, the number of observed alleles was 46
whereas in Chalakkudy and Chaliyar populations, 40 and 43 alleles were
recorded respectively.
There were nine private alleles in microsatellites analysis. Out these, four
private alleles were observed in Periyar River, two in Chalakkudy River
and three in Chaliyar River.
In Periyar population, the mean observed heterozygosity (Hobs) and
expected heterozygosity (Hm) values were 0.5148 and 0.6067
respectively. In Chalakkudy River, these values were 0.5360 and 0.5996
respectively and in Chaliyar population, 0.5239 and 0.5619 respectively.
None of the microsatellite loci showed linkage disequilibrium.
The probability test provided the evidence that the observed
heterozygosity values in most of the loci showed signiﬁcant deviation
(_P<0.05) from Hardy-Weinberg Equilibrium except for MFI/V1], MFW19,
MF W 72 and Ppr048 in Periyar River; MFWO], ./I/IF W1 9, EMF W72, and
Pprol26 in Chalakkudy population; and CcarG1-1, MFW11, MF W19,
MF W72, and Ppr0126 in Chaliyar River as a result of heterozygote
deﬁciency. The positive value of F15 at almost all the loci indicated
inbreeding in populations of G. curmuca in almost all the loci.
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Analysis of data using MICRO-CHECKER indicated absence of general
excess of homozygotes over most of the allele size classes and ruled out
occurrence of null alleles in all the 3 populations for the 7 primer pairs.
The PST and R3-r estimates for overall and pair-wise populations were
highly signiﬁcant (P<0.000l) indicating a signiﬁcant level of genetic
differentiation among the populations of G. curmuca. The R51" and F31‘
estimates were very similar indicating that the step-wise mutation model
(SMM) has not contributed signiﬁcantly in population differentiation. The
analysis of molecular variance (AMOVA) using microsatellite data also
indicated strongly signiﬁcant genetic differentiation (6.73%) among
populations of G. curmuca.
Nei’s (1978) unbiased genetic identity and distance were estimated
between pairs of three populations of G. curmuca and on the basis of these
values, a UPGMA dendrogram was constructed. The genetic distance
values and the pattern of dendrogram were consistent with that obtained
from allozyme and RAPD analyses using the same set of samples.
The BOTTLENECK results using microsatellites under tw0—phased
mutation model (TPM) also indicated clear mode shift of allele diversity in
all the populations in contrast to the expected L-shaped distribution. The
probability values also indicated signiﬁcant genetic bottleneck in all the
three populations.
In RAPD analysis, 31 oligonucleotide decamers were selected from 80
primers (4 kits-20 primers each from kit OPA, OPAA, OPAC and OPAH)
in primary screening; however, only 9 primers were selected based on
repeatability, sharpness and intensity of bands vz'z., OPA-15, OPA-16,
OPAA-O7, OPAA-08, OPAC-05, OPAC-06, OPAH-03, OPAH-I7, and
OPAH-19 for population genetic analysis. A total of 117 bands were
detected consistently with all 9 decanter primers in three populations. The
size of the fragments ranged from 0800 to 6500bp. The number of
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fragments generated per primer ranged from 04 to 20. Of the 117 RAPD
fragments, 52 (44.44%) were found to be shared by individuals of all three
populations. The remaining 65 fragments were found to be polymorphic
(55.56%). In Periyar River, a total of 88 different fragments were detected;
in Chalakkudy River population 82 fragments and in Chaliyar population a
total of 72 fragments were detected.
Forty one RAPD fragments were identiﬁed as stock speciﬁc markers with
9 primers. Of these, eighteen fragments were exclusive to Periyar
population; fifteen fragments specific to Chalakkudy River, and eight
fragments were recorded only in Chaliyar population.
The average gene diversity or heterozygosity (H) was 0.1848 for overall
primers. The mean value (H) in Periyar River was 0.0558, in Chalakkudy
population, 0.1640; and in Chaliyar River 0.1008. No RAPD locus pairs
showed linkage disequilibrium.
The average value of coefficient of genetic differentiation (GST) 0.2286 for
overall primers among populations was signiﬁcant (P<0.05).
Nei’s (1978) unbiased genetic identity and distance were estimated
between pairs of three populations of G. curmuca. Based on the genetic
distance value, a dendrogram depicting the phylogenetic relationships
among three populations of G. curmuca were constructed following
UPGMA method. The results and pattern of dendrogram were concordant
with that obtained from allozyme and mic-rosatellite analyses in this
species.
In conclusion, the genetic markers (allozyines, microsatellites and
RAPDs) were found to be powerful tools to analyze the population genetic
structure of the red-tailed barb, Gonoprokmprerus curmuca. These three
classes of markers demonstrated clear cut genetic differentiation between
pairs of populations examined. Geographic isolation by land distance is
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likely to be the factor that contributed to the restricted gene flow between
the river systems. The inbreeding as a result of over-exploitation might be
one of the reasons for the deﬁciency of heterozygosity and genetic
bottleneck revealed by the two co-dominant markers - allozymes and
microsate-llites. The study emphasizes the need for stock-wise, propagation
assisted-rehabilitation of the natural populations of red-tailed barb,
Gonoprokfopterus curmuca.
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7.1 Conservation and management of natural
populations of Gonoproktopterus curmuca based
on the present ﬁndings
7.2 Approaches for in-situ conservation
7.3 Action plan suggested for ‘propagation-assisted,
stock-specific restocking’ of red-tailed barb with
the help of ‘supportive breeding programme’
7.4. Current status of ex-situ conservation of
Gonoproktopterus curmuca
7.1 Conservation and management of natural populations of
Gonoproktopterus curmuca based on the present ﬁndings
The goal of this study was to determine whether the natural populations of
endangered red-tailed barb, Gonoproktopterus curmuca from three riverine
systems are genetically distinct. Such information is essential in stock restoration
programmes of the species for the safe use of broodstock from various geographic
sources for captive breeding. The present study has generated‘ important
information on the genetic variation and stock structure of the red-tailed barb,
endemic to the Western Ghats, India. Three genetically discrete stocks of the
species have been identiﬁed for the first time using allozymes, microsatellites, and
RAPDs and it is a signiﬁcant step towards realizing the goal of management of
fishery and conservation of populations of this cyprinid in the rivers of the
Western Ghats region. The differentiation of a species into genetically distinct
populations is a fundamental part of the process of evolution and it depends upon,
physical and biological forces such as migration, selection, genetic drift,
geographic barriers etc. Endangered species will have small and / or declining
populations, so inbreeding and loss of genetic diversity are unavoidable in them.
Since inbreeding reduces reproduction and survival rates, and loss of genetic
diversity reduces the ability of populations to evolve to cope with environmental
changes, Frankham (2003) suggested that these genetic factors would contribute
to extinction risk especially in small populations of threatened species. With the
loss of a population / genetic stock, a species also loses its members adapted and
evolved to survive in a particular habitat. Hence, conservation and ﬁshery
management strategy need to be stock-speciﬁc. The results of the present study
pointed out the need to identify the most suitable conservation and management
strategic plans for the genetically distinct populations of endangered G. curmuca.
Low genetic variability (heterozygote deﬁciency and deviation from l--IWE)
coupled with inbreeding (positive value of F13) was observed in this study in all
the three populations of red-tailed barb with different types of genetic markers,
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which could be the consequence of genetic bottleneck, resulting from over­
exploitation and habitat destruction (Anon., 1998). As these factors would lead to
a reduction in reproductive ﬁtness (Padhi and Mandal, 2000) and efforts to
increase the genetic diversity of red-tailed barb should be given high priority for
conservation of the species. As the populations of G. curmuca have already
shown signs of genetic bottleneck, hence a rapid action plan for its conservation
and rehabilitation may be formulated and implemented at the earliest, based on
genetic principles as mentioned below:
I The effective population size (Ne) should be maintained as large as
possible to maximize the contribution of a large number of adults for
reproduction so as to maintain natural genetic variability.
I The causative factors that reduce the effective population size such as
over-exploitation should be controlled at the earliest.
I No artiﬁcial gene ﬂow between distinct stocks should be created by
means of haphazard stocking and rehabilitation programmes.
I The rehabilitation strategy should also include means (screening the
population using genetic markers) to monitor impact of such
programme.
To attain these objectives, it is essential (i) to protect the populations and
habitat against anthropogenic stress and (ii) enhance the population through
propagation assisted stock-specific rehabilitation or supportive breeding
programmes.
G. curmuca is a much sought after ornamental species and the over-fishing is
done mainly to meet the increasing demand of the aquarium trade. To
support the ornamental trade, emphasis must be given to popularize the
breeding and larval rearing techniques that have already been developed by
the Regional Agricultural Research Station (RARS), Kerala Agricultural
University (KAU), Kumarakam, Kerala. This would not only reduce the
I85
ﬁshing pressure in natural habitats, but also assure continuous supply of
same-sized and quality specimens for the aquarium industry.
7.2 Approaches for in-situ conservation
I Regulation of human activities either self-imposed (public understanding
and awareness through education) or state imposed ("li.‘o1'mula.ti0n and
implementation of suitable laws).
' State imposed-law should have following measures
a. Imposing ban on ﬁshing practices targeted for red-tailed barb._
particularly during breeding seasons.
b. Stock assessment of G. curmuca in differerit rivers and imposing quota
systems for maintaining the population size.
c. Banning the sale of under-sized / juveniles of red-tailed barb
specimens.
d. Restrict the ﬁshing gear for not catching small and immature barbs and
prevent the use of explosives, chemicals for ﬁshing and poisoning.
e. Maintaining minimum water level in the rivers (in case there are dams
and weirs) and declaring certain stretches of rivers as sanctuaries.
7.3 Action plan suggested for ‘propagation-assisted, stock-speciﬁc
restocking’ of red-tailed barb with the help of ‘supportive
breeding programme’
The natural populations of this endangered species can be enhanced by
‘supportive breeding programme’. In this programme, a fraction of the wild
parents is bred in captivity and the progeny are released into the respective
natural waters or rivers.
I Brood stock of red-tailed barb collected from different rivers must be
tagged and maintained in separate ponds in the holding facility.
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The existing farm and hatchery facilities at the state or central
government institutes/universities or NGOS can be utilized, for the
supportive breeding of stocks of red-tailed barb.
Effective breeding population size and sex ratio should not be restricted.
To achieve this, collection of different size / year classes at different time
intervals to be preferred over the same size / year class.
Use of cryopreserved milt, collected from different males and pooled
(from the same stock) would be useful for increasing the effective
population size and recovery of endangered populations of this barb. In
comparison to the captive breeding programme, the gene banking
through sperm cryopreservation is relatively cheaper, easy to maintain,
less prone to risk due to system failure or mortality due to diseases.
Therefore, it should serve as a useful adjunct to the captive breeding
programme.
Different genetic stocks should be bred separately and ranched into
respective rivers from where they are collected.
Stretches of rivers harbouring resident population or that can serve as a
potential sanctuary, may be selected for ranching of red-tailed barb
populations.
Assessing the impact of ranching through monitoring the parameters like
catch per unit effort / area through experimental ﬁshing.
Changes in genetic variation i.e. allele frequencies especially the
occurrence of rare alleles over a course of time may be monitored. It will
be useful to keep base genetic profile of representative samples of fish
stocked in the holding facility and those used for ranching. Microsatellite
markers and the baseline data generated in this study can be helpful in
further assessing the impact of genetic variation.
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7.4. Current status of ex-situ conservation of Gonoproktopterus
curmuca
' G. curmuca collected from wild was successfully bred in captivity for the
ﬁrst time by the RARS, Kumarakom, Kerala in a project funded by the
NBFGR. The experiments gave high percentage of hatching and larval
survival. The fingerlings and the spawners were reared in captivity and
were successfully used in the consecutive years again for breeding.
I Protocol for successful milt cryopreservation of red-tailed barb was
developed by the NBFGR - RARS team that gave high hatching rates
(86% of control) and larval survival (81% of control). Milt collected from
more than 120 healthy males were pooled (population wise),
cryopreserved and maintained in the gene bank.
"' Other related issues remain to be addressed to fully understand the
dynamics of G. curmuca include a better understanding of the basic
biology, population dynamics and ecology in order to make the link
between spawning and feeding grounds and to evaluate spawning waves
and associated larval peaks in natural habitats. This should facilitate an
analysis of adaptive traits in order to ensure the conﬁdent placement of
populations of G. curmuca into specific genetically structured hierarchies.
In conclusion, the markers and stock. structure data generated in the present study
can provide an essential component for formulating meaningful conservation
strategies for red-tailed barb as mentioned above. This, along with the existing
protocols on captive breeding and milt cryopreservation can be integrated into a
package for conserving genetic diversity and rehabilitation of the natural
populations of G()n0pr0kr()pr'erus curmucu.
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Red tailed barb Gonoproktoprerus curmuca
{Hamilton-Buchanan , 1807) is endemic to the rivers
originating exclusively from southern part of the
Western Ghats in Peninsular India ((bpalakn'shnan
and Ponniah, 2000). The Western Ghats are recog­
nized as one of the twenty five biodiversity “hotspots”
of the world (Myers ct al. , 2000). G. curmuca has
commercial value as a food fish as well as for orna­
mental trade and also considered as a potential species
for aquaculture. The sharp decline in abundance of
G- curmuca and its endangered status is of serious
concern(Copalakrisl1nan and Ponniah, 2000). For
the significance attached to the species , effective con­
servation and propagation-assisted rehabilitation
strategies need to be planned. However, such an ap­
proach needs data on the genetic variation and popula­
tion structure of G- curmuca across its natural distri­
bution. To generate population genetics data, identi­
Reecivcd Dec. 28 ,2U03 zaoceptcd Jan. 3! .2004
fication of polymorphic markers with consistent
scorable alleles is a crucial step ( Fergusan ct al. ,
1995). Until now, no information is available on any
class of genetic markers in G. curmuca.
Microsatellites are short tandem rqae-at motifs
with high level of allelic polymorphism and co-domi­
nant inheritance, useful for direct assessment of pat.­
tern and distribution of genetic variability at iutra
specific level (O, Connell and Wright, 1997). The
llanking sequences ol‘ microsatellites within related
taxa arc highly conserved. The potential of these
markers is enhanced when primers designed for one
species amplify homologous loci in other species
(Scribner and Pearce, 2000). Successful amplifica­
tion of homologous microsatcllite loci has been demon­
strated in some cyprinid fishes {Zhcng ct al. , I995:
Mohindra et al. , 2001 ;Lul et al. , 2004). The pre­
sent study examines cross-species amplification of
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primers, developed for three cyprinids in
G. curm uca. The objective was to identify polymor­
phic microsatellite loci and evaluate suitability of the
identified loci in population structure analysis of
G- curmuca.
1 Materials and methods
I. 1 Sampling sites and sample collection
The G. t"urmuc'0 specimens were obtained
through commercial catches from two rivers, Cha­
lakkudi ( Vazhachal, n = l5 ) , Periyar
(Bhuthathanketuu, n = 1.4). The riverine locations
were chosen to cover geographically distant popula­
tions of G. curmuca. The samples were obtained
during July 1999 to August 2001 and total length
ranged from 200 mm to 600 mm;collection was done
at actual fishing sites. Blood samples, collected
through caudal puncture, were ﬁxed in 95 % ethanol
(l f5) and stored at 4 C till use.
l. 2 PC Rarnplif ication and electrophoresis
Total genomic DNA was extracted from blood
samples following the procedure of Ruzzante ct al.
( I996). PCR amplifications were performed (Ml
Research thermal cycler PTC-200) in a final volume
of 25 ul , containing 25- 50 ng of genomic DNA, I X
PCR buffer (l0 mmol Tris l-lCl , pH 9- 0; 50 mmol
KCI; 0.01 % gelatin) ,2. 0 mmol MgClg, O. 2 mmol
of each dNTP, 5 pmol of each primer and I-S units
of Tnq DNA polymerase.
Amplification conditions were 94 C for 5 min
followed by 25 cycles at 94 C for 30 s, T, for 30 s
and 72 C for l min, with a final extension of 72 C
for 4 min. After amplification , 8 til of PCR products
were electrophoresed on non-denaturing polyacry­
lamide (l9 Il acrylamide bisacrylamide) gels (size l0
cm ><l0-5 cm, Amersham Bioseiences Ltd.). The
gel concentration was optimised according to allele
size for better resolution. Electrophoresis was done at
4 C with l X TBE buffer for 5 hours at l50 V. The
gels were silver stained (Silver Staining Kit , Amer­
sham Bioseiences, USA) to visualize microsatellite
loci and allelic patterns ;and known DNA size marker
(Mspl cut p8 R322 DNA) was run in every gel. The
size of the amplified products was determined with lD
Elite (Amersham Bioscicnces) software. The alleles
with dinucleotide repeats could be resolved and were
designated according to PCR product sizes. Genotype
of each individual at each locus was assigned manual­
l .
133 Screening of primers and genetic diversity
analysis
Mierosatellite primers from Cyprinus carpio.
Ba:-bodes gonionotus and Carla catla were tested for
arnplifieatipn of homologous loci (Table l). The
three qaecies are termed as resource species in the
study. This cross-species amplification experiment
was done with eight specimens of G. curmutra. The
optimum annealing temperature to get scorable band
pattern was determined through experimental stair­
dardization for each primer pair. The primers yielding
seorable amplified product were again evaluated with
larger sample size (29 individuals, from 2 rivers) to
evaluate their suitability in quantification of genetic
divergence in G. curmuca. The data was analyzed
using software G-enetix 4.02 (Belkhir et al. , I997)
to obtain allele frequencies, mean number of alleles
per locus, heterozygosity values, expected (He) and
observed (1-lo). Tests for conformity to Hardy Wein­
berg expcctations (probability and score test) were
performed by the Markov chain method with parame­
ters dememorization = l 000 , batches = l00 and it­
eration = 100 (Ccnepop vet". 3.3 , probability test).
Genetic homogeneity of four sample scts was deter­
mined through an exact tcst (G based test) that as­
sumes randnm samples of genotypes (G2t1t’-pop ver.
3-3. Genotype differentiation test) (Raymond and
Rousset , l995b). This test is performed on genotype
tables and possible non-independence of alleles within
genotypes will not affect test validity (Raymond and
Rousset , l995c;(‘oudet et al. , 1996).
2 Results
Of the I6 heterologous primer pairs tested, six
(23-00 °/ii) provided successful amplification of lio­
mologous loci in G- curmuca (Table l). lt is evident
(Table 2) that the optimum annealing temperature
(T,  observed in G. curm ucu differed from that
reported in the resource species for respective primer
pair. Primer Bgon22 amplified but produced
monomorphic band in all the individuals tested.
ln the present study, five polymorphic mi­
crosatellite loci (_ MFWI .ll,l9,26, CcarGl-1) ,ex­
hibiting 2 to 5 alleles, could be successfully identified
for G. curmucu. The parameters of genetic variation
at each locus and over all loci differed between the
two sample sets (Table 3). The observed heterozy­
gosity values over all loci were 0.293 (Chalakkudi)
and 0.471 (Periyar) . Mean number of alleles per lo­
cus ranged from 4.20 (Chalakltudi) to 4-40 (Peri­
yar), The probability test provided the evidence that
the observed allele frequencies significantly ( P <
0-05) deviated from that expected under Hardy­
Weinberg equilibrium. Deviation was observed in
both the sample sets, at three to four loci (Table 3)
with significant deficiency of heterozlogotes. Except
at locus MFWI (Chalakkudy samples), the score
test also confirmed significant heterozygote deficiency
at other three loci.
Significant heterogeneity (P < 0-05) in geno­
type proportions was observed at three out of five loci
688 J ‘‘Ell til -'Ti’= iii 50
_'?l‘_§_lggil _ Primers?oijlllgrosatellitefloei tcstetlwfor gross  ‘dtl_1_Qi_ifi(‘illi0[l; in lcurmucztd it ‘
. No. of primer Ccnbank accession . Successful primer pair ampliﬁedSpecies . \ Locus , Reterence . , , .pair» tested i\0. in (1. curnimfo N0. ( ‘T/0)
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Table 2 Characteristics of amplified microaatellite loci in G. cutmuca
R¢$0l-ITCC 5PE¢i¢$ C - cttrm ucr:
LocusSIN?‘ _ Primer sequencel5' -5’) Repeat tmtif T,( Q 'I',i Q i\io.of alleles
Cvprinuv MFWI
carpio
MFWII
MFWI9
MI-"W26
Carla carla Ceat(Fl - l
Barbuda!‘ Egon Z2
gonirznnt us
GTCCAGACTGTTCATCAGGAG
GAGGTGTACACTGAGTCACGC
GCATTTGCCTTGATGGTTGTG
TCGTCTGGTTTAGAGTGCTGC
GAATCCTCCATCATGCAAAC
CAAACTCCACATTGTGCC
CCCTGAGATAGAAACCACTG
CACCATGCTTGGATGCAAAAG
AGCAGGTTGATCATTTCTTCC
TGCTGTGTTTCAAATGTTCC
TCTTGTTGATCACACGGACG
ACAGATGGGGAAAGAGAGCA
CA S5 59 S
CA
CA
ea
[GATA],,
"[CCA
CCT
55
55
55
6]
5
6
4
5
l
Table 3 Parameters of genetic variability for each mlcrosatellite locus in G. curmuca samples from two locations
Locus homogeneity River Size rangelbpi No. of alleles at each locus Ha He HW(p} E#@'w<=litiliii
M F W1 Ch
Pr
M I-‘W I I Ch
Pt
M F W I 9 Ch
Pr
M I-‘W26 Ch
P1"
Cm! U1 ' 1 Ch
Pr
Mean over Prall loci Ch
Pr
175- 190
175-195
I80» 201
180- 20]
215- 220
20l - 225
l47- l60
l47- 157
185- 20l
190-201
4. 20
- 4. -10
0. 333
0.714
0. 267
0. 143
0.200
0. 786
0- 267
0. 236
0. 400
0. 429
0. 293
0. 471
0. 571
ll. 745
0- 718
0. 704
0. 487
0. 791
0. 649
0. S82
0. 660
0. 59'-l
0. 617
0. 634
0- 0029
0. I391
0.0003
<0.o001
0.01o|"
o.0t99"
0. 0005
0- 9020
0.03t0"
o.o2o4"
0.1185
0.5254
0.0005’
0.0002‘
0.0310"
<0.0001'
{Ch ‘= Chalakudy. Pr = Periyar). The observed (Ho) and Hardy Weinberg expected (l-lcl heterozygosity values with associated probability {pl .
probability (pl of genotype homogeneity between samples is given. Signiﬁcant probability values are marked, "P < 0. 05 . ' Critical probability level
adjusted for sequential bonferroni correction.
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(Table 3). After the sequential bonferroni correction
( P < 0- 0071) was made to the probability levels, still
two loci ( M FWl9_ and 26) exhibited signiﬁcant het­
erogeneity. Combined proba-bility over all the loci
was less than 0. 0001 (Table 3}. G; for small sample
size (Nei and Chesser, 198-3) of 0-049 provided fur­
ther evidence of population substructuring in
G. curm uca.
3 Discussion
The study demonstrates successful cross-priming
of microsatellite loci in red tailed barb , G. curm uca
and identified five polymorphic loci. The result is
consistent with the earlier reports, suggesting the
possibility of using primers interspecifically among
cyprinids (Zheng et al. , 1995). Mohindra ct al.
(2001) demonstrated amplification of homologous mi­
crosatellite locus in Labeo rohira using primer devel­
oped for other cyprinid Carla calla. Successful iden­
tification of polymorphic microsatellitc markers for
Cirrhinus mrigala was achieved through use of
primers of other cyprinid fishes (Lal et al. , 2004).
The presence of null alleles could be one of the
possible factors reqaonsible for the observed heterozy­
gote deficiency. Null alleles are not represented in
PCR amplification due to mutation at primer binding
site and contribute towards homozygote excess
(Paetkau and Strobeck, 1995). Raymond and Rous‘
set‘ (l995a) suggested the score test was more power­
ful than the probability test when the alternate hy­
pothesis of interest is heterozygote deficiency. Inter
estingly, except at locus MFWI (Chalakkudy sam­
ples) . the results of the score test were consistent
with the probability test. This may not be a conclu­
sive interpretation for the absence of null alleles,
however it suggests the likelihood of deficiency of het­
erozygotes at least at three loci in both populations. if
true , a serious concern is that the assumptions under­
lying the Hardy Weinberg equilibrium relevant to nat­
ural population of G. curmuca are violated (Ferguson
et al. , 1995]. One of the reasons could be reduction
in effective breeding population size in G. cirrmuca
possibly due to overexploitation , restricted migrations
and habitat alterations, etc.
Cenetic heterogeneity was tested on the tables
based on the genotype rather than allele frequencies in
view of the observed nonconformity to H'ardy-Wein­
berg expectations (Raymond and Rousset, l995c;
Giudet et al. , 1996). The various estimates provided
strong evidence that the two sample sets were not
drawn from the same random mating gene pool.
Analysis of larger sample sizes from more geographical
locations will provide fine scale assessment of popula­
tion structure of G. curmuca and also more insight
into the observed homozygote excess. In the given
situation , cautious use of the identified loci is suggest­
ed. The method of estimating null allele frequencies
(Brookfeld, 1996) may help in deriving appropriate
conclusions.
In conclusion , the present study identified five
polymorphic microsatellite loci that exhibit promise to
determine genetic divergence in natural populations of
G. curmuca. This will also provide monitoring
mechanism against the possible genetic bottlenecks;
the populations may be facing and help to plan strate­
gy for rehabilitation of declining natural resources.
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Primers from the orders Osteoglossiform and Siluriform detect polyntorpliie
microsatellite loci in sun-catﬁsh, Horalmgrus bracli_r.s'(nrm (Teleostci: Bagridae)
By A. Gopalakrislinati'. P. .\-'l. Abdul Mttneer'. K. K. l\/lll.\'tlt't11'l1llLl|. l~'.. K. l._al3, D. Kapoo1"\' and \-". £\-’lOltlt'lt_l1‘il'\'
.-\-(mono! l3m'r'uu of In-It (i<'m'm" Rr'.\"ruu'<'v.~ (-Hvhnt l.'HH. ( .=l'H-RI t oniyitls". (.o<".’i.'n. l\t'l‘-‘I/U,’ ‘.\u.'mnu.' him-.-i.'.' of 1 rs): (:t"-mitt.
R<:'s'oi.u'r"('.~;  .\-Ti’!-‘(IR !)i'.’i'<t:.rhu. /.m'ft'/tori". hm'io
Snn1mar_\"
Hom!ia_'_Yrtr.v hrrrci"/l_t'.s0inu {stilt-etttlislt. li;tg1'ttl;te. Siluril'or1ncs} is
a valuable ornamental antl lootl lish. The sto<.'k strtrctttre ot“ H.
f>n.r<*h_1".mntrr. l]t‘.CC.\'$;ll'}' to conserve its tleclining natural pop­
ttlations. is not known. ‘l"\ve|1t§--live p|'imers tlevelopetl lot" tour
tish species belonging to the ortlcrs Silttrilortn (3) ancl
()sleoglos.<;ilortii ll) were testetl and eight primers amplilictl
microsatcllite loci in H. /)J'tJ('/I’l',\'(1HI<l. The results tlenionstratc
that cross-priining; heltveen lish species belotigitig to tlllltiftfltl
litrnilies and even to tlillercnt orders can yield microsatellite
loci. Five ol’ eight pt'tmel's t:ae';‘t amplified two loci. l-tort-ever,
the loci that had repeal motifs alter sci.|uencin_g were consid­
ered only for genot_vping. Finally. eight loci were pol_vmorpliic
with hree to seven alleles. Individual tish genotype tlata
tn = 42: Zl each it1 two rivers) at each locus was analysed.
Signilicant. genetic heterogeneity tvas detcetetl at six loci. The
iclentiliect loci exhibited potential for use in population get‘l<.‘tlt;.\.
application in H. brur.'h_t'.umm.
Hrm.'lu"i,_r':'tt.s" hrmli_t=.s"onm is endemic to the rivers ol
Western Ghats in Peninsular India. The lish is enrlangeretl
through exploitation as an oritamental and food lish, tvlticlt
has led to a decline in natural abundance (_(.iopalak|'ishnan
and Ponniah_ Ztltltll. Microsatellites are among the most
useful markers for detecting genetic variation and provide
options of using the printers cleveloperl lot" one species to
amplify loci in other related species (review by Scribner and
Pearce. Ztttltl). A st|rve}~" ol‘ lol species {http:,-"_.-’\v\v\e".ttbx­
c. u sgs. gov;-'i'esczi rclt_.igcneties..- hetero] ogo us__primers. h tm l
across taxonomic g|'ottp.<. iltdieates limited reports on use 0|‘
primers betxvecn t'a|nilie.< (Rt. polyniorpliisin  l7) and
orders (4. pOl}"1\l01'|)l1l$l11 =-= I). Mierosatellite loci conserved
between ﬁtrltilics anti ortlers can he useI'til in evolt|tionar}­
slntlies ancl in generating population genetics data For at witlc
range of species.
Printers developed for Your lish species {_resout'ee speciesl
from the orclers Siluritlwtii {3} and Osteoglossit'orm (I) were
examined to amplify micro-satellite loci in sun-eattisli (Ta­
ble l). The study aim wits to identify polymorphic tnie|'osat­
ellite loci and assess their stritatbility for poptilation structure
anal}-"sis of H. bruch_i'.roniu.
Specimens of yellow catfish H. brm.'h__irs-onto were obtained
troni commercial catches ol‘ the C‘lialakl<u<lv and Nethravati
ri‘.=er.~.. The blood samples. extracted through caudal pune-Lure.
were stored in 95"/i- ethanol. Total DNA was extracted
ltillt>\\'i|ig the procedure oli Rttz/.:1nte ct al.. l99(>. A cross­
priming experiment \v:ts performed on eight specimens
l.= S ('op3.rigl|t -(.'lea:;|nce ('e|ttr: t"utle S|;||cn~.ent:
in 2 4_."1'i\=er_l. l’roce<lt:t'es tor PCR 1'eactio:i. elceti'oplto1‘es"is
and gettot)-"ping were |'ollo\\e<l as -tle.~"e|"iI~t~<i in l_al ct" al. titan-ll.
'l'heoptitnuntannealingtemperaturetoohta:nasco|";.tlilci1;int5
pattern \v"a.< cletenttinecl through etperimental .<'.an-.lart|i/ation
tor each pritnet" pair.
Eight primer pairs exhibited etmplilieation in H. i'w"m-I.-_r.<im.-u
(Tablet). The optitntiln annealing_' tempet'a'.ure to obtain
scorahlc bittitl patterns in H. h!'{!(.'ll_}'.\'t1IIf(I tlitleretl lrt~n't that
rcportetl tor the re.\:pccti\'e primer pair in resource <;icL‘it:.\
tlable Z]. the .\lllCl}-' rletnonsttutcd sttecesstltl -.'|'o~s-priniiitg ol"
nticmsatellite loci between 'l'i.'~lt species that are tlistantlv or not
rel-atett. (_‘crt:~1in seqtiences ﬂanking the tanelem repeats coulri be
eonserx-ctl between the various lianiili-es ol' the orrler Silitril'ortn.
lntcrestingl_\". some micromttcllitc sequences from the primitive
ortler osteoglo.\"sil'orm have reniainetl cottserverl in the order"
Silurit'ornt. ol‘ relatively later cvolutionar}-" origin.
The eight primers amplilied 13 scorable loci (Table 2}. The
atlditional live loci came lrotn the printers l‘hy0?. (lT|n:t4.
(I.'gaIl(i. D33. and D38 that amplilietl two loci cacti. liellirc
ttsittg For genotyping. it was essential to eonlirni xvlicther both
loci l"or these prime|'s had repeat tnotils. Follotvittg the
sequence observations. the eight loci (Phvt1l. l’li_vtJ5. Plt_\_-ll'i'­
l. (l'nta3. (.§|na4_ (igatlti-l. D33-3 and IDSS-ll that eonlirnteti
the pt'esel1Ce of repeat motifs were ttsetl For genotypirtg
t'Tah|c 2}: these loci were polymorphic. witli three to seven
alleles. To assess genetic \"Ltl'ltlllOI1. 42 samples {n -=-= 2| ;riverl
were individually genotyped at each locus. Cienetis 4.05
(llelkhir ct al.. 1997.1 was used to obtain oh-scrvetl (Ho) and
expected (He) heterozygosities at each locus, mean overall loci.
and mean tiuntber olialleles per locus F or the two sample sets
(liable 3}. Deviations from the Ha1'dy—Weinberg iit|uilibrium
and liitkrtge diseqttililwitttii were tested using Markov chain
approximattion in (JLNEPOP 3.4 (Raytnotttl a I1t.l Rousset. 1995).
The prohabilit)-' of conformity to the l'lal't'l}’ Weinberg expec­
tations intlicatect signiﬁcant deviation (P  tl.tt5) in both
samples alter the lionferroni correction was applied to the
probability levels (Table 1). Positive Fis values at these loci
revealed the heterozygote detieieney. There wzis no evitlenee ot
linkage disequilibrium.
Genetic homogeneity was tested basetl on genotype (<at:i~'|1­
‘POP 3.4; Raymond and Rousset, 1995) and the eombinctl
probability over all loci indicated signilieant divergence
between the two sample sets. With sequential Bonlerrnni
correction made to the probability levels. six loci exhihitecl
significant (P '='i 011063) heterogeneity (Table 3). 0;, for small
sample size (Oenetix 4.05: Belkhir ct al.. I99?) was 0.0752.
l 5 .t)t)_.-"O \v_\~.'\v. l)litL'l(\\-=0] l-s_\-t1crg}'.com
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Samples of the spotted murrel (Channa punctatus) were collected front three rivers
of Tamil Nadu and Kerala. The allozyme variation of C. punctatus was inves­
tigated by polyacrylamide gel electrophoresis. Eighteen enzymes were detected,
but only l0 (EST, PGM, G3PDH, G6PDH, SOD, GPI, ODH, GDH, XDH, and
CK ) showed consistent phenotypic variations. Allele frequencies were estimated at
the 18 polymorphic loci representing 10 enzymes. Two rare alleles, EST-4*C and
G6PDH-2*C, were noted in the Tamirabarani and Kallada populations but were
absent in the S iruvani population. The allele frequencies of the Tamirabarani and
Kallada populations were similar, except for a few loci. Among the three popula­
tions, the maximum genetic distance (0.026) and PST (0.203) were found between
the geographically distant Siruvani and Kallada populations. Overall the study
showed that among the three populations, the Tamirabarani and Kallada have
similar genetic structures.
KEY WORDS: C henna punctatus; allozyme; population; heterozygosity.
INTRODUCTION
The spotted murrel, C hanna punctatus (Bloch, 1793), commonly called the snake­
head, is an important freshwater, food ﬁsh of Southeast Asia. It is found in rivers,
_,_ _
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ponds and lakes of India, Sri Lanka, Pakistan, Nepal, Bangladesh, Myanmar,
Malaysia, China, Tahiti, and Polynesia (Jayaram, 1981). It has been identiﬁed
as having potential for aquaculture in derelict and swampy water, since it is an
air-breathing ﬁsh. It commands good consumer preference due to taste, high pro­
tein content and very few intramuscular spines (Haniffa er al., 2002). It breeds
naturally during southwest and northeast monsoons in India. Parameswaran and
Murugesan (1976) reported that induced-bred murrels never exhibited parental
care, but we found breeding behavior and parental care under induced breeding
conditions using different ovulating agents (Haniffa er al., 2004). The fecundity
of this species is very low (3000 to 4000) compared with the major Indian carps,
but it varies with the size of the ﬁsh.
Over the last 10 years, its wild population has declined steadily, mainly be­
cause of overexploitation, loss of habitat, introduction of alien species, disease,
pollution, siltation, poisoning, dynamite, and other destructive ﬁshing (CAMP,
1998). As a result, C. punctarus is listed among 66 low-risk, near-threatened ﬁsh
species of India, according to IUCN status (CAMP, 1-998). Information on the
genetic structure of cultivable ﬁsh is necessary for optimizing identiﬁcation of
potential broodstock, stock enhancement, selective breeding programs, manage­
ment for sustainable yield, and conservation of biodiversity. Previous studies have
provided detailed knowledge of the length-to-weight relationship (Haniffa er aZ.,
2006), embryology and development (Haniffa er a1., 2002), biochemical compo­
sition (Singh and Singh, 2002; Sehgal and Goswami, 2001), hematology (Pandey
er al., 1981), courtship behavior (Haniffa er al., 2004), and breeding (Haniffa and
Sridhar, 2002) for this species. Basic knowledge of the levels of genetic varia­
tion within and among the populations is poorly represented, although a very few
studies have been made on C. punctatus. Rishi er al. (2001) studied the LDH
polymorphism of C. punctams populations sampled from three natural bodies of
water at Haiyana (India), and Nabi er al. (2003) studied the genetic structure of
C. punctatus populations collected from locations on the Rohilkhand plains of
India using transferrin as a marker. In our previous study we analyzed the genetic
variability of three C. puncratus populations using RAPD markers (Nagarajan
er a1., 2006). In this study, we used allozymes to investigate the genetic variability
of three C. pimctarus populations collected from three south Indian rivers.
MATERIALS AND METHODS
Fish Sampling
The majority of the rivers in the states of Tamil Nadu and Kerala originate from
the Western Ghats, a mountain range in India that starts south of the Tapti River
near the border of Gujarat and Maharashtra and goes approximately 1600 km
through the states of Maharashtra, Goa, Karnataka, Kerala, and Tamil Nadu to
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Kanyakumari at the southern end of the Indian peninsula. Recognized as one of
the 21 biodiversity hotspots of the world, it harbors a rich and diversiﬁed ﬁsh
fauna characterized by many rare and endemic species. In the present study we
collected C. punctatus samples from three rivers of the Western Ghats, the Siruvani,
Tamirabarani, and Kallada. The Tamirabarani River originates from the peak of
the Periya Pothigai hills of the Western Ghats at Thirunelveli District (8.4°N,
77.44°E, Thirunelveli, Tamil Nadu). The Kallada River enters Kerala and runs
into the Quilon and nearby districts (8.54‘°N, 76.38°E, Quilon, Kerala; Fig. l). The
Siruvani River originates about 500 km away from the Tamirabarani and Kallada
rivers in the Western Ghats (l l .00°N, 77.00°E, Coimbatore, Tamil Nadu). Of the
three rivers, the Tamirabarani and Kallada have a rich ﬁsh biodiversity (Martin
er al., 2000; Kurup er al., 2004). From each population, 60 ﬁsh samples were
used for the present study. Liver tissues were dissected from the ﬁsh and were
immediately stored at - 80°C prior to analysis.
I
Extract Preparation
Adequate portions (250 mg) of liver tissue were ﬁrst minced and homogenized
using a glass homogenizer under cold condition. A buffer solution containing
sucrose (50%), 0.2 M Tris HCl (pH 7.2), EDTA (64 mg/100 mL) and double­
distilled water was used as homogenizing medium in selected proportions to
the sample weight (250 mg/mL). The homogenates were then centrifuged at
12,000 rpm for 1 h at 4°C. The supematant was again spun at 12,000 rpm for
40 min. After the second centrifugation, the supernatant was collected and used
for further analyses.
Electrophoresis and Staining
Vertical polyacrylamide gel electrophoresis was used for the separation of al­
lozymes at different enzyme loci. Gels consisted of 3.9% acrylamide and 3.36%
bis-acrylamide, and electrophoresis was run at 30 mA and 150 V at 4°C with
Tris-Boric acid-EDTA buffer (pH 8.0). The bands of each enzyme were revealed
by incubating the gels in the dark at 37°C in the presence of speciﬁc histochemical
staining solution until sharp bands were visualized. The locus and allele desig­
nations were followed according to the standardized genetic nomenclature for
protein-coding loci (Shaklee er a1., l990).
Statistical Analysis
Genetic variation between the populations was assessed by the following standard
measures; number of polymorphic loci (P), allele frequency, observed heterozy­
gosity per locus (H O), expected heterozygosity per locus (H C), ﬁxation index (F 13),
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Fig. 1. Sampling sites of C. pimctarus populations used in this study.
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genetic diversity (F ST) for the overall populations, and Nei’s genetic distance
(DN) using the program PopGene 1.31 (Yeh er al., 1999). Deviations from Hardy­
Weinberg equilibrium of each locus for each population were tested by the Markov
chain method of exact probability test using the program GeneP0p 3.3 (Raymond
and Rousset, 1995). The P values were corrected using the Bonferroni correction
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(Rice, 1989). AMOVA (analysis of molecular variance) and population pairwise
F ST were computed using the program Arlequin (Schneider er aZ., 2002). Isolation
by distance (IBD) between populations was conﬁrmed by Mantel’s tests (Mantel,
1967) using the program IBD 2.1 (Jensen er al., 2005).
RESULTS
In this study, we checked for 18 enzymes in C. punctatus, but only 16 showed
their presence in liver samples. The enzymes that could not be detected were
aspartate amino transferase (AAT) and hexokinase (HK). Of the l6 enzymes
detected, 12 showed phenotypic variations and 4 were monomorphic: glutamate
dehydrogenase (GLUDH), adenylate kinase (AK), malic enzyme (MEP), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Of the 12 that showed
variation, lactate dehydrogenase (LDH) and isocitrate dehydrogenase (ICDI-1)
exhibited inconsistent phenotypic patterns. The remaining 10 showed consistent
phenotypic variation and were therefore useful for genetic analysis: EST, PGM,
G3PDI-l, G6PDH, SOD, GPI, ODH, GDH, XDH, and CK. They are coded by 27
putative loci (Table I). A total of 38 alleles were detected from the 18 polymorphic
loci of 10 enzyme systems, and their frequencies are presented in Table II. Of the
18 polymorphic loci, EST-4* and G6PDH-2* contained three alleles; the others
had two alleles. The ES T-4* and G6PDH-2* loci showed the allele C in very low
frequencies, EST-4* in the Tamirabarani population and G6PDH-2* in Kallada,
but they were absent in the Siruvani population. The allele frequencies were very
similar in the Tamirabarani and Kallada populations. The frequency of the ODH­
I *, GDH-2*, EST74*, and G6PDH-2* loci alleles in the Siruvani population was
signiﬁcantly different from that of the Tamirabarani and Kallada populations.
The observed heterozygosity ranged from 0.194 in the Siruvani population to
0.236 in the Tamirabarani population. The expected heterozygosity was 0.262 in
Siruvani and 0.327 in Kallada (Table Ill). Of the 38 polymorphic loci from the three
populations, 31 showed Hardy-Weinberg equilibrium, and 7 deviated signiﬁcantly
after the Bonferroni corrections (Rice, 1989). These statistically signiﬁcant values
were produced at PGM-3* and GDH-3* in the Siruvani population, ODH-2*,
GDH-2*, and XDH-2* in the Tamirabarani population, and GDH-1* and GDH-3*
in the Kallada population. In each of the statistically signiﬁcant cases, the ﬁxation
index (F 13) was very high, indicating signiﬁcant heterozygote deﬁciency at the
population level. The mean F15 per population was 0.262, ranging from 0.226 in
the Tamirabarani population to 0.301 in the Kallada population (Table IV). The
F ST for the overall population ranged from 0.007 in PGM-2* to 0.068 in ODH-1*,
with a mean of 0.028, indicating that about 2.8% of the total genetic variation
exists between populations due to population differentiation (Table IV). AMOVA
analysis revealed 12.46% variation among the populations (Table V). We obtained
13.55% variation when we combined the Tamirabarani and Kallada populations
T
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Table I. Allozymes Screened in C hanna puncrarus
Enzyme
Abbreviation Subunit
and enzyme code structure Locus
Monomorphic or
Polymorphic
1
2
3
4
5
6
7
8 I
9
10
Esterase
Phosphoglucomutase
Glycerol-3-phosphate
dehydrogenase
Glucose~6-phosphate
dehydrogenase
Superoxide dismutase
Glucose-6-phosphate
isomerase
Octanol dehydrogenase
Glucose dehydrogenase
Xanthine dehydrogenase
Creatine kinase
EST3.l.l
PGM 5.4.2.2
G3PDH 1.1.1.8
G6PDH 1.1 . 1.49
SOD 1.15.1.1
GPI5.3.1.9
ODH 1.1.1.73
GDH 1.1.1.47
XDH 1.1.1.204
CK 2.7.3.2
Monomeric
Monomeric
Dimeric
Dimeric
Dimeric
Dimeric
Dimeric
Monomeric
Dimeric
Dimeric
EST~1“‘
ES T-2*
EST-3*
ES T-4*
EST—5"‘
PGM-1*
PGM-2*
PGM~3*
G3 PDH*
G6PDH-1*
G6PDH-2*
SOD- 1*
SOD-2*
GP1*
ODH-1*
ODH-2*
ODH-3*
GDH-1*
GDH-2*
GDH-3*
XDH~1*
XDH-2*
XDH-3*
CK-1*
CK-2*
CK-3*
K­
Monoinorphic
Monomorphic
Monomorphic
Polymorphic
Polymorphic
Polymorphic.
Polymorphic
Polymorphic
Polymorphic
Monomoiphic
Polymorphic
Polymorphic
Polymorphic
Polymorphic
Polymorphic
Polymorphic
Monomorphic
Polymorphic
Polymorphic
Polymorphic
Monomorphic
Polymorphic
Polymorphic
Polymorphic
Monomorphic
Monomorphic
C 4* Monomorphic
as one group to compare with the Siruvani population. There was only 2.87%
variation between the Tamirabarani and Kallada populations (interpopulational
variation). Among the three populations, the maximum genetic distance and F ST
were found between the Siruvanii and Kallada populations (Table VI). We checked
for a correlation between the geographic distance and corresponding FST value
for the three populations using the IBD program. A signiﬁcant positive correlation
was obtained (r = 0.59, P < 0.02), conﬁrming that these three populations
are in isolation by distance. The overall analysis indicated that the Tamirabaran
population is genetically closer to the Kallada population, whereas the Siruvan
population is closer to the Tamirabarani population.
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Table II. Estimated Allele Frequency at 18 Polymorphic Loci in Three Populations of C. puncrarus
Locus Allele Siruvani Tamirabarani Kallacla
ES T-4
EST-5
PGM-I
PGM-2
PG-M-3
G3PDH - 1
G6PDH-2
SOD-1
SOD-2
GP}-I
OD]-I-1
ODH-2
GDH-I
GDH-2
GD!-I-3
XDH-2
XDH-3
CK -I
UJ3>CU3>CUI>U73>U5‘>E17>U5J3>1Il3>U33>U7D>U73>OU13>‘¢U3>C173>U0>U73>w3>('§U73>
0.833
0.167
0.000“
0.739
0.261
0.650
0.350
0.639
0.361
0.650
0.350
0.689
0.31 l
0.672
0.328
0.000“
0.678
0.322
0.7000
0.3000
0.717
0.283
0.833"
0.167
0.833
0.167
0.800
0.200
0.822“
0.178
0.783
0.2.17
0.672
0.328
0.750
0.250
0.667
0.333
0.589
0.394
0.0179
0.544
0.456
0.556
0.444
0.556
0.444
0.600
0.400
0.611
0.389
0.533
0.439
0.0281’
0.600
0.400
0.861
0.139
0.583
0.417
0.556“
0.444
0.806
0.194
0.639
0.361
0.73391’
0.267
0.639
0.361
0.828
0.172
0.589
0.411
0.533
0.467
0.544
0.428
0.0289
0.522
0.478
0.51 1
0.489
0.544
0.456
0.578
0.422
0.544
0.456
0.567
0.41 1
0.0229
0.522
0.478
0.678
0.322
0.544
0.456
0.5899
0.41 l
0.61 1
0.389
0.589
0.41 1
0.567“
0.433
0.567
0.433
0.689
0.31 1
0.51 I
0.489
0.533
0.467
Note. Values with different superscripts (a,b) in the same row are signiﬁcantly different (P < 0.05).
DISCUSSION
The genetic variability in the three natural populations of C. puncrarus was ev­
ident in this study using allozyme markers. The allozyme allele frequency of
the Siruvani population was signiﬁcantly different from that of the Tamirabarani
and Kallada populations at ODH-1*, GDH-2*, EST-4*, and G6PDH-2* loci, but
the Tamirabarani and Kallada populations were closely similar. The variation in
allele frequency in the populations can be due to environmental factors such as
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Table III. Genetic Variability ES1iﬂ12llCS of Three C. pm-mains Populations
S. No Parameter Siruvani Tznnirabarani KzilladaSample size 60 60 60Number of loci found 27 27 27
18
\lO'\LI1-D-'_»J[\Ji—­
Number of polymorphic loci 18 18
Observed heterozygosity 0.194 i 0.152 0.236 :1: 0.195 0.227 :1: 0.176
Expected heterozygosity 0.262 i 0.196 0.300 :1: 0.226 0.327 :1: 0.237
Observed number of alleles 1.667 1': 0.480 1.741 :1: 0.594 1.741 :1: 0.594
Effective number of alleles 1.439 :1: 0.342 1.561 i 0.444 1.6388 i 0.465
_ _ “ * 5 8 _J__‘_.“
Table IV. Fixation Index for Polymorphic Loci in Three C. pmu:.'mm..s- Populations
FiXt11l0l1 Index (F15)
Locus Siruvani Tzimirabarani Kallada Overall F _--|~s
EST-4 0.300 0. 196 0.316 0.0086EST-5 0.107 0.194 0.286 0.0395PGM-1 0.292 0.280 0.378 0.0137PGM-2 0.254 0.280 0.373 0.0073PGM—3 0603* 0.398 0.180 0.0204G3PDH-I 0.119 0.018 0.462 0.0147GGPDH-2 0.269 0.234 0.258 0.01 18SOD-I 0.289 0.028 0.198 0.0168SOD-2 0.101 0.303 0.135 0.0352GPI-I 0.261 0.017 0.194 0.0230ODH-I 0. 120 0. 190 0.449 0.0683ODH-2 0.120 0.539* 0.252 0.0521GDH-1 0.236 0.061 0.633* 0.0370GDH-2 0.316 0546* 0.186 0.0542GDH-3 0.575* 0.013 0.548* 0.0363XDH-2 0.118 0493* 0.119 0.0247XDH-3 0.378 0.082 0.244 0.0419CK] 0.200 0.196 0.196 0.0162Mean 0.259 0.226 0.301 0.0281
*Locus deviates signiﬁcantly from Hardy-Weinberg equilibrium after Bonferroni correction.
Table V. AMOVA of Three C. puncratus Populations
Percentage of variation*
Source of variation _1ii\i%1o grouping Two groups” it it Two groups” Two groups“
Among groups 12.46 13.55 -1.76 -12.98Among populations within groups — 2.87 13.71 21.66Within populations 87.54 83.58 88.05 91.32
“Tamirabarani -1- Kallada versus Siruvani.
bTamirabarani + Siruvani versus Kallada.
“Tamirabarani versus Kallada + Siruvani.
*P < 0.01.
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Table VI. Genetic Distance and Genetic Diversity Between C. [7l.U'1(.'ZGI'l.l.S‘
Populationsii 41 1 l IT i l
Population Siruvani Tamirabarani Kallada
Siruvani —- 0.152 0.203Tamirabarani 0.017 - 0.027Kallada 0.026 0.007 —
Note. Below diagonal, Nei’s unbiased genetic distance. Above diagonal,
F ST genetic diversity value.
temperature, alkalinity, and pollution (Ponniah, 1989). The role of temperature
in maintaining alleles at different frequencies has been proved in natural popu­
lations (Nyman and Shaw, 1971) and experimentally (Mitton and Koeh, 1975).
Two rare alleles, G6PDH-1 *C and EST-4*C, were found in the Tamirabarani and
Kallada populations with low frequencies, though sample size was sufficient.
This represents an inherent genetic stock difference between the Siruvani and
the Tamirabarani/Kallada populations (Levy and Neal, 1999). The rare alleles
can be utilized as genetic markers for selection of a candidate stock for con­
trolled breeding programs (Lester and Pante, 1992). Signiﬁcant deviations from
Hardy-Weinberg expectations were found at XDH-2*, G3PDH-1*, and GDH­
3* in Siruvani; XDH-1*, ODH-1*, and PGM-1* in Tamirabarani; and SOD-1 in
Kallada because of an excess of homozygotes. The excess of homozygotes is also
conﬁrmed by positive ﬁxation index values (Table IV). Homozygote excess for
allozyme has been reported quite commonly in many ﬁsh species (En gelbrecht and
Mulder, 2000; Steenkamp er a1., 2001). Several hypotheses have been mentioned
to explain homozygote excess in ﬁsh species, including inbreeding, population
admixture (Wahlund effect), or the presence of a nonexpressed allele (Appleyard
er al., 2001; Ward et al., 2003).
The population structure of freshwater organisms is primarily dependent on
the distribution of the river systems, as has been reported by several authors (Ikeda
er al., 1993; Hara er al., 1998). The present study also showed a signiﬁcant corre­
lation between genetic distance and geographic distance, conﬁrmed by the Mantel
test. Tlie three populations used in the present study were collected from three
different rivers, all of which originate in the Western Ghats. The Tamirabarani and
Kallada rivers originate at the south end of the Western Ghats and are geographi­
cally closer to each other than to the Siruvani, which originates more than 500 km
away from the other rivers. The results of this study consistently showed that
the Tamirabarani and Kallada populations were genetically closer to each other,
compared with the Siruvani population. It supports the concept that genetic differ­
entiation is primarily dependent on geographic isolation. Theoretically, the result
of the present study shows a certain level of gene ﬂow between the Tamirabarani
and Kallada populations when compared with the Siruvani population. In fact,
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natural interbreeding between the Tamirabarani and Kallada populations was im­
possible, and there has been no record of transplantation of C. puncrarus between
the two rivers. It is likely that these two populations have come from a single stock
introduced into these two rivers in the past, or migration or transportation between
the two rivers could be a possibility.
In conclusion, allozyme analysis revealed, as did the RAPD markers used by
Nagaraj an er al. (2006), that of the three C. puncratus populations, the Tamirabarani
and Kallada populations have similar genetic structures. The estimated values of
average number of alleles, percentage of polymorphic loci, and heterozygosity
for populations are considered indicators of the actual level of genetic variabil­
ity of the species. Genetic variability data may also be used as a tool by an
aquaculturist for stock selection for selective breeding programs. The present
study provides basic information about the genetic structure of these three pop­
ulations that can be used to improve the quality of the populations by selective
breeding or out-breeding programs, and it would also help to conserve the pop­
ulation. Microsatellite markers, however, would be better suited than isozyme
and RAPD analysis to detect population bottlenecks and losses of variation due
to inbreeding, with allele richness being a more sensitive variability measure
than mean heterozygosity (Bentzen et 01., 1996; Wright and Bentzen, 1994).
Hence, further research on microsatellite markers for these populations is in
progress.
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Microsatellite sequences (25 nos.)
S1.
No.
Accession
Numbers Details
1 DQ780014
Gopalakrishnan, A., Musammilu, K.K., Abdul Muneer, P.M., Mohindra,
V., Lal, K.K, Basheer, V.S., Punia, P. and Lakra, W.S.
Gorzoproktopterus curmuca clone Gcur MFWOI microsatellite sequence.
l82bp linear DNA; 01-AUG-2006
2
. DQ780015
Mohindra, V., Musammilu, K.K., Gopalakrishnan, A, Abdul Muneer, P.M.,
Lal, KR, Basheer, V.S., Punia, P. and Lakra,W.S. Gonoprokropterus
curmuca clone Gcur G1 rnicrosatelljte sequence. 240bp linear DNA; 01­
AUG-2006. .
3 DQ780016
Gopalalnishnan, A, Abdul Muneer, P.M., Musnmmilu, K.K., Mohindra, V.,
Lal, KK., Basheer, V.S., Punia, P. and Lakm,W.S. Horabagrus brachysoma
clone Hbr Cga06 microsatellite sequence. l92bp linear DNA; 01-AUG-2006.
4
i
DQ780017
Mohindra, V., Abdul Muneer, P.M-, Musammilu, K.K., Gopalakrishnan, A,
Lal, KK, Basheer, V.S., Punia, P. and Lakra,W.S. Horabagrus brachysoma
clone Hbr Cma03 rnicrosatellite sequence. l66bp linear DNA; 01-AUG-2006.
5 DQ780018
Mohindra, V., Abdul Muneer, PM., Musammilu, K.K., Gopalakrishnan, A-,
Lal, KR, Basheer, V.S., Punia, P. and Lakm, W.S. Horabagrus brachysoma
clone Hbr Cma04 rnicrosatellite sequence. l36bp linear DNA; 01-AUG-2006.
' 6 DQ780019
Mohindra, V., Abdul Muneer, P.M., Musammilu, K.K., Gopalakrishnan, A.,
Lal, KK, Basheer, V.S., Punia, P. and Lakra, W.S. Harabagrus brachysoma
clone Hbr D33 microsatellite sequence. 208bp linear DNA; 01-AUG-2006.
7 DQ780020
Mohindra, V., Abdul Muneer, P.M., Musammilu, K.K., Gopalaknshnan, A,
Lal, KK, Basheer, V.S., Punia, P. and Lakra, W.S. Horabagrus brachysoma
clone Hbr D38 microsatellite sequence. 299bp linear DNA; 01-AUG-2006.
8 DQ780021
Gopalakrishnan, A, Abdul Muneer, P.M., Musammilu, K.K., Mohindra, V.,
Lal, KK, Basheer, V.S., Punia, P. and Lakra, W.S. Horabagrus brachysoma
clone Hbr Phy0l microsatellite sequence. 181bp linear DNA; 01-AUG-2006.
9 DQ780022
Gopalalcrishnan, A, Abdul Muneer, P.M., Musammilu, K.K., Mohindra, V.,
lal, K.K., Basheer, V.S., Punia, P. and Lakra, W.S. Horabagrus brachysoma
clone Hbr Phy05 microsatellite sequence. 162bp linear DNA; 01-AUG-2006.
10 DQ780023
Gopalakrishnan, A, Abdul Muneer, P.M., Musammilu, K.K., Mohindra, V.,
Lal, K.K, Basheer, V.S., Punia, P. and Lakra, W.S. Horabagrus brachysoma
clone Hbr Phy07 microsatellite sequences. 275bp linear DNA; 01-AUG-2006.
11 EF 582608
Mohindra, V., Musammilu, K.K., Gopalakrishnan, A., Basheer, V.S.,
Lal, K.K., Punia, P., Abdul Muneer, PM. and Lakra, W.S.
Gonoproktopterus curmuca isolate Gcur MFW11 microsatellite sequence.
176 bp linear DNA; 30-May-2007.
Sl.
No.
Accession
Numbers Details
U12 EF582609
Mohindra, V., Musammilu, K.K., Gopalakrishnan, A., Basheer, V.S., Lal,
K.K., Punia, P., Abdul Muneer, P.M. and Lakra, W.S. Gonoprokroprerus
curmuca isolate Gcur MFWI9 microsatellite sequence. 20lbp linear DNA;
30-MAY-2007.
U13 EF582610
Mohindra, V., Musammilu, K.K., Gopalakrishnan, A., Basheer, V.S., Lal,
K.K., Punia, P., Abdul Muneer, P.M. and Lakra, W.S. G0n0pr0A10pterus
curmuca isolate Gcur MFW26 microsatellite sequence. l65bp linear DNA; 30­
MAY-2007.
E114 EF582611
Mohindra, V., Musammilu, K.K., Gopalakrishnan, A., Basheer, V.S., Lal,
K.K., Punia, P., Abdul Muneer, P.M. and Lakra, W.S. Gonoproktoprerus
curmuca isolate Gcur MFW72 microsatellite sequence. l7lbp linear DNA;
30-MAY-2007.
U15 EF582612
Mohindra, V., Musammilu, K.K., Gopalakrishnan, A., Basheer, V.S., Lal,
K.K., Punia, P., Abdul Mtmeer, P.M. and La.kra, W.S. Gonoproktopte/"us
curmuca isolate Gcur Ppro48 microsatellite sequence. 25 lbp linear DNA; 30­
MAY-2007.
E116 EF582613
Mohindra, V., Musammilu, K.K., Gopalal<rishnar1, A., Basheer, V.S., Lal,
K.K., Punia, P., Abdul Muneer, P.M. and Lakra, W.S. Gonoproktopterus
curmuca isolate Gcur Pprol26 microsatellite sequence. 246bp linear DNA;
30-MAY-2007.
E117 EU272893
Gopalakrishnan, A., Lijo, J ., Musammilu, K.K., Basheer, V.S., Mohindra, V.,
Lal, K.K., Punia, P. and Lakra, W.S. Labeo dussumieri clone Lduss_Bgon22
microsatellite sequence. l 18 bp linear DNA, 04-DEC-2007.
E118 EU272894
Gopalakrishnan, A., Lijo, J., Musammilu, K.K., Basheer, V.S., Mohindra, V.,
Lal, K.K., Punia, P. and Lakra, W.S. Labeo dussumieri clone Lduss__MFW26
microsatellite sequence. l45bp linear DNA ; 04-DEC-2007.
U19 EU272895
Gopalaloishnan, A., Lijo, J ., Musammilu, K.K., Basheer, V.S., Mohindra, V.,
Lal, K.K., Punia, P. and Lal<ra,W.S. Pumius demlsonii clone Pdeni_MFW02
microsatellite sequence. 164 bp linear DNA; 04-DEC-2007.
E120 EU272896
Gopalakrislman, A., Lijo, J ., Musammilu, K.K., Basheer, V.S., Mohindra, V.,
Lal, K.K., Punia, P. and Lakra, W.S. Puntius demlsonii clone Pdeni_MFWll
microsatellite sequence. 164 bp linear DNA; 04-DEC-2007.
E121 120272897
Gopalakrishnan, A., Lijo, J ., Musammilu, K.K., Basheer, V.S., Mohindra, V.,
Lal, K.K., Punia, P. and Lakra, W.S. Puntius denisonii clone Pdeni_MFWl7
microsatellite sequence. 203bp linear DNA; O4-DEC-2007
U22 EU272898
Gopalakrishnan, A., Lijo, J ., Musammilu, K.K., Basheer, V.S., Mohindra, V.,
Lal, K.K., Punia, P. and Lakra, W.S. Puntius denisonii clone Pdeni_MFWl9
microsatellite sequence. 257bp linear DNA; O4-DEC-2007 .
E123 EU272899
Lijo, J ., Gopalakrishnan, A., Musammilu, K.K., Basheer, V.S., Mohindra, V.,
Lal, K.K., Punia, P. and Lakra, W.S. Puntius denisonii clone Pdeni_MFW2O
microsatellite sequence. l48bp linear DNA; 04-DEC-2007
El 24 EU2729OO
Lijo, J., Gopalakrishnan, A., Musammilu, K.K., Basheer, V.S.,
Mohindra, V., Lal, K.K., Punia, P. and Lakra, W.S. Puntius denisonii
clone Pdeni_MFW26 microsatellite sequence. l15bp linear DNA; 04­
DEC-2007.
E125 EU272901
Lijo, J., Gopalakrishnan, A., Musammilu, K.K., Basheer, V.S., Mohindra,
V., Lal, K.K., Punia, P. and Lakra, W.S. Puntius denisonii clone Pdeni_R6
microsatellite sequence. l66bp linear DNA; O4-DEC-2007.
